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ANALYSIS OF THE CONFORM PROCESS: 
A SPECIFIC FORM OF ALUMINIUM EXTRUSION 
Xavier Velay 
Abstract 
Since the Conform process was patented 30 years ago, there have only been 
approximately 200 machines sold worldwide. Given that Conform competes 
economically with conventional extrusion and is also reported to be a more energy 
efficient process, it is surprising that the use of Conform is not more widespread in 
today's increasingly environmentally conscious and high-production focussed world. 
One explanation for this is likely to be due to the fact that there is still limited 
knowledge of the thermo-mechanical behaviour of the workpiece during extrusion. 
Furthermore, for the aluminium industry, there are still issues remaining regarding 
the production of flash and the quality of the extrudate in terms of mechanical 
properties. 
This study provides the reader with the findings of the research and experimental 
work undertaken by the author, his co-workers and fellow specialists, in the field of 
aluminium extrusion including Conform. The experimental work includes both 
laboratory experiments performed with a direct extrusion press and an experimental 
machine set up to replicate the Conform process. The experimental work is also 
simulated using finite element modelling techniques. The results from these analyses 
are then validated by comparing industrial and experimental data. The finite element 
analyses are enhanced by using parallel processing technology and user sub-routines. 
The author proposes new models to allow for the study of the different sub-processes 
in Conform. These include the coining of the feedstock, formation of the upset zone, 
extrusion of the flash, the filling-up of the expansion chamber / feeder plate and the 
extrusion of the extrudate. The author also investigates methods which predict 
microstructure and surface cracks in the extrudate. The author suggests innovative 
techniques to improve the efficiency of finite element analysis in metal forming. 
Finally the author recommends procedures for the study of structural integrity and 
the optimisation of the tooling used in Conform. 
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This valuable metalpossesses the whiteness ofsilver, the indestructibility ofgold, 
the tenacity of iron, the fusibility of copper, the lightness ofglass 
It is easily wrought, is very widely distributed, forming the base of most of the rocks, 
is three times lighter than iron, and seems to have been createdfor the express 
purpose offurnishing us with the materialfor our projectile. 
(Excerpt from "From the Earth to the Moon", chapter 7, Jules Verne 1865) 
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I Introduction 
In this chapter the reader is introduced to aluminium alloys and the different 
techniques required to extrude them. A continuous extrusion process, Conform, is 
presented. The use of numerical analyses to simulate extrusion is introduced. 
Finally a brief overview of the remainder of the thesis is provided. 
1.1 Aluminium alloys and aluminium extrusion 
Aluminium Production 
Aluminium makes up approximately eight percent of the earth's crust and is the third 
most abundant element. The form 'aluminium' does not occur naturally as a metal 
but originates as an oxide 'alumina'. Alumina is obtained by refining deposits of 
bauxite ore. In 1807, the English chemist Sir Humphrey Davy suggested the name 
'alumium' for a still undiscovered metal and later agreed to change it to 'aluminum'. 
Following on from Davy's experiments, in 1825 the Danish physicist H. C. Oersted 
produced the first nodules of aluminium. In 1854, a small but significant step 
towards producing aluminium. on an industrial scale was made by the Frenchman 
Henri Sainte-Claire Deville. By 1866, a French metallurgist Paul Heroult and an 
American Charles Hall, who had worked separately but simultaneously, invented the 
smelting process. Both patents showed how to dissolve aluminiurn oxide in molten 
cryolite so that aluminiurn could be subsequently extracted by electrolysis. The 
process was further advanced in 1888 by Karl Bayer's invention which allowed 
aluminiurn oxide to be produced from bauxite. This meant that aluminium. had 
become a commercially affordable metal. However, the production of primary 
aluminium. did not take off until the 1940s as this was dependent on, and restricted 
by, the availability of electricity. There are two main production methods for 
aluminium. which are currently used (a) primary aluminium from bauxite ore and (b) 
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recycled aluminium from process scrap and used products. This latter method is 
almost twenty times more energy efficient than producing new aluminiurn from ore. 
By the year 2004 the annual world-wide production of aluminium has been estimated 
to have reached approximately 25 million tonnes. Almost ten million tonnes of this 
aluminium per year have been used by the extrusion industry. A quarter of these 
industries are situated within Western Europe (RUttimann 2004). 
Aluminium alloys 
Various aluminium alloys can be produced by combining common elements. The 
main elements include copper, magnesium, manganese, silicone and zinc. Probably 
the best known advantage of aluminium alloys is their lightweight property. 
Aluminiurn also has other important characteristics such as its high strength-to- 
weight ratio, resilience, corrosion resistance, heat and electrical conductivity, 
reflectivity, and cryogenic strength. Furthermore it is non-magnetic and non- 
sparking (Despoy et Al 1988). Casting and wrought alloys are the two principal 
classifications for aluminium alloys, based on their suitability for specific 
manufacturing processes. These are further subdivided into the categories of heat or 
non-heat treatable alloys, which are then further classified into seven main series 
depending on their chemical composition. These series are divided as follows: 
- IXXX (S99% AO, excellent corrosion together with high thennal and 
electrical conductivity, 
2XXX (Al-Cu & AI-Cu-Mg), high strength, 
3XXX (Al-Mn), moderate strength, 
4XXX (Al-Si), lower melting point, 
5XXX (Al-Mg), good corrosion resistance and high strength, 
6XXX (Al-Mg-Si), good formability, machinability and weldability, 
and 7XXX (AI-Zn-Mg & Al-A-Mg-Cu). 
Aluminium extrusions 
The extrusion of aluminium. is mainly used for the building industry (e. g. windows 
and door frames, exterior cladding etc) and the mass transport industry (e. g. 
airframes, road and rail chassis, hull structures etc). Within the transport industry, 
there is a fast growing automotive market for thin-section aluminium. profiles. 
Currently the production of such profiles is an expensive process and therefore there 
is a niche in the industry for a more economical and efficient extrusion method. 
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The most common extrusion process is the direct extrusion process, also known as 
forward or conventional extrusion. This consists of a heated billet of aluminium 
which is placed within a container and then pushed forward by a rain. The 
subsequent pressure created inside the container extrudes the aluminium through a 
shaped die. Throughout this thesis this process will be referred to as conventional 
extrusion and the shaped aluminium as extrudate. Other extrusion processes, not 
covered in this study, include the following: 
- indirect extrusion (also called inverse, reversed, backward, or inverted 
extrusion), 
hydrostatic extrusion, 
side extrusion, 
impact extrusion, 
equal channel angular extrusion (ECAE) (Saito et Al 1999), 
friction assisted extrusions, 
friction extrusion - batch technique (Thomas 2000), 
friction co-extrusion (Thomas 2000), 
friction hydro-pillar (Thomas 2000). 
A significant disadvantage in all of the above methods is that Production must always 
be temporarily halted so that the workpiece can be renewed once extrusion has taken 
place. To try and remedy this problem researchers have developed a small number 
of continuous extrusion processes. These include Conshearing (Saito et Al 1999), 
Context, Linex (Shcherba et Al 2000), Extrolling (Shcherba et Al 2000) and 
Conform. To date, Conform is the only method utilised substantially and effectively 
by industry. 
1.2 The Conform process 
Conform is the result of many years research to find a truly continuous method of 
extrusion. The process was invented by Derek Green (Green 1972) and developed 
by the Advanced Metal Forming Group at the United Kingdom Atomic Energy 
Authority (UKAEA) Springfield Laboratories in the 1970s. The UKAEA further 
developed Green's concept to create the first Conform machine (Etherington 1977a 
and 1977b). Since the 1970s approximately 200 Conform machines have been sold 
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worldwide, and almost half of these have been designed and manufactured by Holton 
Machinery. Aluminium and copper are the most commonly used materials in the 
Conform process. For the purposes of this thesis only the use of aluminium will be 
studied. There are two main modes in Conform: Radial and Tangential. The 
principle of the Radial Conform process is shown schematically in Figure 1.1. 
Coining 
roll 
feedstocl 
groove 
, trudate 00. 
Figure 1.1 Schematic of Radial Conform (courtesy of Holton Machinery) 
The feedstock is fed into the groove of the rotating extrusion wheel by the coining 
roll. The tools are pre-heated to a relatively high temperature. The feedstock is then 
driven by friction between the wheel groove and the shoe until it hits the abutment. 
Due to the high pressure generated by this and also the high temperature within the 
abutment area the feedstock deforms plastically and consequently extrudes through 
the die. The Tangential Conform mode is similar to the Radial mode but allows for 
the introduction of a secondary feedstock as a core of the extrudate. Thus this mode 
is used for aluminium. sheathing and cladding. In this thesis only the Radial Conform 
mode will be studied in more detail and will be referred to as the Conform process. 
The feedstock generally consists of a cast product which is rolled into a rounded 
shape. However some Conform machines are fed with either an extremely fine 
powder, coarse granules or a continuously cast bar of aluminium (Langerweger and 
Maddock 1988, Slater and Coon 1988). 
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The Conform process offers several advantages: 
- low operational and capital cost, 
- good production rate (around 200kg/hr), 
- low scrap loss (<I%), 
- lower repeated starting shock loads on die (ideal for thin walled extrusions 
such as multi-port tubes (Dawson 1996)), 
- efficiency for small scale extrusion (<I Omm), 
- large cross sections with the use of an expansion chamber, 
- absence of billet to billet joints, 
- consistent extrusion and close tolerances due to constant temperature and 
pressure, 
- extrusions uncontaminated by lubricants. 
1.3 Numerical simulations of aluminium extrusion 
A large amount of work in the modelling and simulation of aluminium extrusion 
processes by the use of finite element software has been undertaken in the last few 
decades. The applications involve nearly every aspect of the extrusion process: 
predicting load, temperature, material flow, surface formation, surface cracks, 
recrystallisation and die wear. Substantial progress has been made in the past decade 
with the use of finite element software and its supporting hardware. The technology 
currently available can be used for most production purposes at an industrial level. 
However it is very important that the numerical model is verified and validated with 
experimental data. Figure 1.2 shows a flow diagram of the different stages of a 
simulation. The validation and verification processes are also indicated. 
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Figure 1.2 Verification and validation of a numerical model 
1.4 Overview of the thesis 
The main objective of this thesis is to provide a better understanding of the thermo- 
mechanical behaviour of an aluminium workpiece during Conform extrusion. The 
dissemination of the findings will hopefully widen the use of Conform technology in 
the aluminium extrusion industry. The main conclusions from this work put forward 
innovative and modem methodologies for enhancing the quality of extrudate in terms 
of mechanical properties and for oPtimising the tooling used in Conform machines. 
The experimental and laboratory work undertaken for this thesis take into account 
both direct and Conform extrusion processes. The then-no-mechanical behaviour of 
various aluminium alloys is studied at different temperatures and strain rates. The 
interaction between the workpiece and the tools is also investigated. 
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The Literature Review, critically reviews the current research available for both 
conventional and Conform extrusion. There is extensive research available for 
conventional extrusion, however Conform is still a relatively unknown process. Both 
forming processes share similar characteristics, therefore this chapter is broken into 
various sections which cover the mechanics of extrusion, the constitutive laws of 
aluminium alloys, the quality of the extrudate, the tooling required for extrusion 
(including a more detailed look at feeder plates and expansion chambers) and the 
modelling of aluminium extrusion. 
Chapter three details the various results and discussions on the different aspects of 
the simulation of aluminium extrusion with metal forming software. This includes 
different finite element formulations and constitutive equations. The chapter also 
covers the issue of discretisation and friction models as well as heat transfer and the 
prediction of substructure and properties. 
The following chapter details the thermo-mechanical simulations of Conform. In 
this section the metal forming code is validated against experimental work and the 
use of scaling is investigated. The influence of the coining roll on the feedstock is 
also studied. Finally, the results from two simulations of Conform extrusion (with 
and without flash) are discussed. 
Chapter five is comprised of two main studies: the expansion chamber in Conform 
and the feeder plate in normal extrusion. The expansion chamber is investigated 
both in plane strain and three-dimension. The use of feeder plates is investigated by 
comparing forward extrusion with and without the plate. Results such as 
temperature, velocity profile, microstructure and pressure distribution are discussed. 
A section of this chapter describes the simulation of microstructure in aluminium 
extrusion and its integration into a metal forming software. 
Chapter six covers the tooling used in Conform. In the first part of this chapter the 
structural integrity of the wheel is studied using boundary conditions from an 
estimated linear static load. The second part of this chapter makes use of the 
Taguchi method to look in more detail at the influence of die profile on the initiation 
of surface cracks and subgrain size. 
The final chapter provides the reader with a summary of the main findings of this 
thesis and points towards the future work recommended by the author for the study 
and use of Conform and finite element modelling software. 
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2 Literature Review 
2.1 Mechanics of hot extrusion of aluminium alloys 
The conventional extrusion process of aluminium alloys is complex and has been 
extensively studied. A relatively small amount of literature has been published 
regarding hot extrusion using the Conform process. However both forming 
processes share similar characteristics, such as high temperature, high strain rate and 
interaction of the aluminium alloy with the tooling. Therefore, the literature 
regarding conventional extrusion can be utilised to explain some of the phenomena 
occurring in Conform. 
2.1.1 Plastic deformation and material flow 
2.1.1.1 Direct Extrusion 
The flow of aluminium in conventional extrusions has been described at length over 
the last four decades. Researchers have used several methodologies to study the 
material flow, from the use of modelling clay (Valberg 1988), gridded billet (Valberg 
and Malvik 1996; Thackray et al 2000), mixture of material billet with discs and/or 
pegs (Finkelnburg and Scharf 1992, Grasmo et al 1992), photomacrograph (Castle 
1976, p. 202-207; Clode 1992a) and finite element modelling (FEM) (Mooi et al 
1996; Kusiak et al 1996, Chanda et al 2001, Sano et al 2004; Velay et al 2004). 
In unlubricated direct extrusion the material is first upset (compressed) in order to fill 
the clearance between the container and the billet. Then a rapid flow of the central 
core of the billet towards the die is observed. The peripheral parts of the billet 
remain stationary because of the sticking friction along the container wall. In 
combination with friction on the die face this leads to the development of dead metal 
zones (DMZ). The surfaces of the extrudate are generated from the interior of the 
billet. The stationary billet surface layers combined with the rapidly flowing central 
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material produces a flow imbalance in the centre near the pressure pad. Metal from 
the peripheral zone is pulled to the centre. The potential back-end defect created by 
this inverse flow can be avoided with an appropriate discard of the end-billet. This 
was described by Parson et al (1992) and simulated by Hou et al (2000). 
2.1.1.2 Conform extrusion 
Different approaches, such as photomacrograph (Sinha and Chia 1988), coloured 
clays (Carr et al. 1996), analytical models (Maddock 2000) and numerical models 
(Velay and Sheppard 2000a and Manninen et al 2002), have been used in order to 
investigate the deformation and flow of materials during the Conform extrusion. 
These techniques, although very valuable for the understanding of the complex 
plastic flow, have limitations. As with indirect extrusion, the Conform process 
involves severe thermornechanical deformation of the aluminium. The flow of the 
material during the continuous extrusion is distinctly inhomogeneous and three 
different stages of deformation can be identified (see Figure 2.1). 
The first deformation occurs just after the coining roll, where the round section of the 
feedstock is pushed into the square (or U shape) section of the groove. This small 
deformation produces an interference fit at the groove walls and generates the 
primary grip length (see Figure A. 2a in Appendix A). There is a net tangential force 
applied to the abutment as a result of the wheel torque acting on the initial grip 
length. This reaction force triggers the second stage of deformation. 
The tangential force must be sufficient to overcome the yield strength of the 
aluminium rod in order to upset the feedstock, fill the chamber (delimited by the 
groove and the shoe), and produce the upset zone (see Figure A. 2b in Appendix A). 
In the second stage, the flow component is perpendicular to the shoe and is greater in 
the region of the entrance of the die than in the centre of the groove. 
Finally, once steady state extrusion is achieved, dead metal zones are created at the 
die face closest to the abutment and at the upper apex of the die entry (half-teardrop 
shape). This suggests that the material at the lower entrance is strained to a greater 
extent than that in the upper entrance. Therefore the flow at the entrance of the die is 
imbalanced and the extrudate could curve upwards. There is no effective sealing 
between the wheel, the abutment and the shoe. Thus, the wheel-abutment and wheel- 
shoe clearances produce a thin strip of material called flash. Holton Machinery Ltd 
has improved the tooling so that for aluminium conductor profiles the flash over a 
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properly set machine will be nil (Bridgewater and Maddock 1992) or actively 
controlled (Khawaja et al 2000). 
feedstock 10 
Figure 2.1 Schematic of the flow in Conform 
tear drop 
DMZ 
extrudate 
ýw ol 
Figure 2.1 provides a schematic representation of the dead metal zones. More 
detailed information regarding the shape of these DMZs can be seen in Figure 4.33 in 
section 4.6.4. 
As in conventional extrusion (Saha 2000, p. 7), the metal flow in Conform is 
influenced by many factors: 
- the type of aluminium alloy, 
- the tribology (mostly friction) between the material and the tooling, 
- the temperature of the feedstock and the tooling, 
- the diameter of the feedstock bar, 
the shape and size of the groove, 
the capacity of the motor / gearbox assembly, 
the wheel angular velocity, 
the type, layout, and design of the die, 
and the extrusion ratio. 
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2.1.2 Extrusion ratio 
In conventional extrusion the extrusion ratio R is defined as: 
R 
Ac 
n(AE) 
(2.1) 
where AC is the area of the container bore, AE is the total cross sectional area of the 
extrudate and n the number of holes in the die (for multi hole extrusion). When a 
puller system is used the modified extrusion ratio R.. is used (Saha 2000, p. 159): 
Rm 
Ac 
n(Ap) 
(2.2) 
where Ap is the final cross sectional area of the extrudate after the tension is applied. 
The R terms are extensively used in valid theoretical calculations (e. g. pressure, 
temperature, deformation zones, limit diagram, etc. ). 
The same expressions would not hold the same validity in the Conform extrusion. In 
some cases the value can be close to or even less than 1. This could make the term 
1n(R) a negative value. Parkinson (1988) defined the extrusion ratio for Conform Rc 
as: 
Rc = 
AF 
AE (2.3) 
where AF is the cross sectional area of the feedstock. Obviously the term R, could be 
redefined for twin groove Conform systems (Molyneux 1988) and for the double 
orifice die design (White 1987, p. 44). 
In both extrusion processes there is a limiting ratio, above which extrusion cannot be 
achieved because of insufficient pressure. With containers up to 300mm in diameter 
for large presses (4000 tons) this limiting ratio could be in the region of 1000: 1 for 
conventional extrusion. However, the normal extrusion ratio range in industry 
practice for soft alloys is from 10: 1 to 100: 1. Whereas, the limiting ratio for 
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Conform is nearer 30: 1 with feedstock up to 30mm in diameter (400kW machine and 
500mm diameter wheel). 
2.1.3 Plastic strain and strain rate 
The natural strain (or effective strain), e, obtained by integration is a logarithmic 
function. Therefore, the effective strain in direct extrusion is usually approximated 
as the fractional cross-sectional area and is defined as follows: 
c =In 
A' 
= InR AE 
(2.4) 
where AC is the cross sectional area of the container bore and AE iSthe cross sectional 
area of the extrudate. It is worth noting that when the extrusion ratio is low, the 
amount of plastic strain is also low. Thus the amount of work done during the 
extrusion will be less. Therefore, the structure of the extrudate will be similar to that 
of cast aluminiurn (i. e. coarse grain) and the mechanical and physical property 
specifications will be compromised. 
It is very difficult to determine the strain rate due to the complex flow pattern in the 
deformation zone. The material undergoes a rapid acceleration as it passes through 
the deformation zone. Therefore, a mean equivalent strain rate, C-, has to be 
estimated for determination of the flow stress. The original proposal by Feltham 
(1956 cited Sheppard 1999a, p. 28) defined the mean equivalent strain rate as: 
6Dc2 VR InR 
Dc' -D3 E 
(2.5) 
where VRis the ram speed. Feltham assumed that the deformation occurs in a cone 
of semi-angle 450. Tutcher (1979, p. 75 and 174) noted that in practice the cone 
angle varied with the extrusion ratio. After extensive optimisation of the upper band 
solution, Tutcher suggested the following equation for the mean equivalent strain 
rate: 
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D2 ýVR(a +b In R)(c +d tan o)) 
D33 c -DE 
(2.6) 
where a, b, c and d are constants and o) is the deformation cone semi-angle with 
co =i+j In R, where i and j are also constants. 
In Conform the determination of the strain and strain rates are too difficult because 
of the complex flow pattern in the groove, at the abutment and in the die. 
Furthermore the flow is non-axisymmetric and two different dead metal zones are 
developed. Carr et al (1996) observed that the material in the lower half of the 
extrudate had clearly been strained to a greater extent than that in the upper half. The 
minimum strain was not found on the axis of extrusion (as in conventional 
extrusion), but in an area inside the top portion of the extrudate. By using transverse 
sections of the product, Carr et al demonstrated that the amount of strained material 
in the extrudate increases with both proximity to the lower surface and distance from 
the nose (i. e. beginning of the extrusion). Highly strained material also forms a thin 
surface layer on the upper surface of the extrudate. This layer has been formed from 
material carried from the tear-drop dead-metal zone. Thus the entire surface of the 
extrudate is formed from material that has undergone severe deformation. Although 
Carr et al's investigation did not take account of the thermal effects, their findings 
correlate well with the thermomechanical simulations of the 2D and 3D strains 
performed by Kim et al (2000), and Velay and Sheppard (2000a). 
2.1.4 Friction 
Friction in aluminium extrusion is a complex and still not fully understood 
phenomenon. The environment of hot extrusion (i. e. high pressure, high temperature 
and material flow) prevents efficient experimentation of the frictional interfaces. 
However, it is well understood that friction determines the billet size (Sheppard 
1999a, p. 48) and that due to sticking friction the surface of the extrudate is smooth 
and reflective because its surface is formed by shearing inside the body of the billet. 
The Conform process makes effective use of the frictional force both to feed the rod 
to a die entrance and to generate the necessary extrusion pressure. The temperature 
distribution depends heavily on the frictional heat flux generated at the interfaces 
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between the tooling and the material. Temperature increases also occur due to 
intermetallic friction at the dead metal zone interface. 
Generally the direct hot extrusion of aluminium alloys is performed without any 
lubricant. However a small amount of graphite based grease is sometimes used on 
the face of the die and dummy block (Sheppard 1999a, p. 10). If lubricant is used on 
the surface of the container it could become washed in below the extrudate surface 
during extrusion. This can lead to surface lamination and blistering (Schey 1983, 
p. 109-110). In Conform it is essential that the feedstock be free from dust, oil, 
grease and other organic contaminants if quality extrusions are to be produced. In 
this study only unlubricated extrusions will be considered. 
2.1.4.1 Friction in direct extrusion 
In direct extrusion (with a flat die) the friction occurs at four interfaces: (a) 
container-billet, (b) die bearing-material, (c) dead metal zone-material, and (d) 
dummy block-billet. 
Container-billet interface 
In most analyses the surface areas of the container and the billet are considered as 
being perfectly smooth. In reality those surfaces have a relative roughness made of a 
series of asperities. At the beginning of the extrusion the billet is upset in the 
container and the surfaces make first contact only at the highest point of the 
asperities (summits). Consequently due to increasing pressure the contact area is 
increased. The asperities start to deform and the concentrated mechanical energy 
required to overcome frictional resistance is converted into heat energy. The 
concentration of heat and pressure at the asperities raises their temperature above 
their melting point and accounts for the formation of welded junctions. This 
eventually leads to sticking friction between the container and the billet and 
extrusion proceeds by shearing along the container wall. The thickness of the 
shearing layer is between 40 to I 00ýtm (Sheppard 1999a, p. 49; Jowett et al 2000a). 
Die bearing-material interface 
Friction in the die land contributes to the surface quality of the extrusion (Saha 
2004). The friction at the die bearing also contributes to the temperature distribution 
throughout the cross section of the extrusion profile. Therefore, friction is one of the 
factors influencing recrystallization in the outer band of the extrudate (Saha 2000, 
p50). Valberg (1996) and Moe et al (2003) showed that during extrusion sticking 
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friction is established in the inlet portion whilst sliding friction occurs towards the 
outlet of a choked die channel. Abtahi et al (1996), Valberg and Pohl (2002), and 
Saha (2004) developed friction models as a result of their experimental and 
simulation works. These models defined two regions: a sticking region with constant 
friction and a slipping region. Abtahi et al found that the friction varies according to 
different die angles. 
Dead metal zone-material interface 
Friction significantly influences the material flow and it is one of the parameters 
which defines the dead metal zone semi-angle (Saha 2000, p. 8). At the dead metal 
zone-material interface the material experiences intermetallic friction. 
Dummy block-billet interface 
Due to a relatively small flow of material and the shearing of the discard, the dummy 
block-billet interface does not significantly influence the extrusion process. 
2.1.4.2 Friction in Conform extrusion 
In Conform the friction is complex and it occurs at five interfaces: (a) feedstock- 
wheel groove, (b) feedstock-shoe, (c) feedstock-abutment, (e) die bearing-material, 
and (f) flash-tooling (wheel + shoe + abutment). The interfaces (a) and (b) can be 
divided into three sub-interfaces: (1) biting, (2) upsetting and (3) filling. However in 
the steady-state process, the energy required for the biting and the upsetting are 
relatively smaller than those for the other interfaces so that the effects of theses sub- 
interfaces can be neglected without a significant loss of accuracy (Kim et al, 2000). 
The friction interface between the coining roll and the feedstock can be ignored as 
the coefficient of rolling friction is expected to be low. 
Feedstock-wheel groove interface 
The feedstock flows along the circular path of the groove by friction force until it 
reaches the abutment. Carr et al (1996) demonstrated a transverse flow component 
perpendicular to the shoe with a maximum intensity in the region of the die. They 
also showed a small region of shear at the abutment near the bottom of the groove. 
The relatively small area of shear suggests that its effect on the pressure is negligible. 
Cho and Jeong (2000) demonstrated, with a parametric investigation, that the friction 
coefficient influences the separation between the material and the wheel (opposite of 
the die exit) leading to surface defects. These findings suggest that at steady-state, 
the friction at the upper part of the upset zone is quasi-static (i. e. the feedstock moves 
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together with the wheel). The friction then fades away when the material reaches the 
lower part of the upset zone (opposite to the die entrance). 
Feedstock-shoe interface 
Carr et al (1996) suggested that the deformed feedstock initially sticks to the shoe, 
when first coming into contact with it, but soon begins to slide (kinetic friction). The 
formation of a dead metal zone (half-teardrop shape) at the upper apex of the die 
entry on the die/shoe face was also observed. Kim et al (2000) achieved good results 
by using sticking friction (i. e. m=0.95) to model the shoe interface. These results 
imply that friction interface between the feedstock and the shoe experiences a 
combination of kinetic friction (at the beginning of the grip length), sticking friction, 
and intermetallic friction (at the upper apex of the die entry). 
Feedstock-abutment interface 
Experiments by Tomimatu et al (1999) and Carr et al (1996) showed the formation 
of a dead metal zone at the abutment, starting from the side of the wheel up to the 
bottom of the die entrance. Therefore, the feedstock-abutment interface experiences 
intermetallic friction (shear of the material). 
Die bearing-material interface 
The type of friction at the die land is similar to that of conventional extrusion. 
However, there is a difference of pressure, flow velocity and temperature between 
the upper part and the lower part of the die land. Therefore, one can expect different 
friction coefficients (Beherens and Schafstall 1999). 
Flash-tooling interface 
This interface can be divided into two zones (see figure 2.2). Zone I is defined by 
the gap between the wheel groove and the abutment. Part of the material is virtually 
extruded through this gap. However, due to the relative affinity between the 
aluminium. and the tool steel, this extrusion stays in the groove and therefore creates 
a ýseal' after the first few revolutions of the wheel (Khawaja et al 2000). The 
pressure inside the groove (at the top face of the abutment) is equal to the extrusion 
pressure, but at the bottom of the abutment it is equal to the atmospheric pressure. 
This suggests that the friction on the side face of the abutment varies from a 
maximum value (sticking) at the top to a zero value at the bottom. Zone 2 is created 
due to the dynamic gap between the shoe and the wheel. The material leaks through 
this gap and will eventually create the flash. As with zone 1, the friction interface 
between the flash and the shoe will vary from a maximum value (sticking) to zero. 
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Figure 2.2 Friction interfaces abutment-groove and wheel-shoe 
2.1.4.3 Theoretical work 
The simple law below, developed empirically by both Coulomb and Amonton, is 
widely used. It states that the friction stress, 'rF . 
is proportional to the normal stress 
(or pressure), aN: 
TF :::::::: P07N (2.7) 
where p is a constant friction coefficient. If this model is used in the case of very 
high nonnal pressures (e. g. in extrusion), then TF exceeds the Tresca equivalent 
yield stress, rO . 
This condition is physically impossible because the friction cannot 
exceed the shear strength of the material. Wagoner and Chenot (1997, p. 317-318) 
described a Coulomb friction for low pressure, a modified sticking friction for high 
pressure, and a transitional friction in between. Therefore, sometimes called the 
Tresca friction law, must be limited as follows: 
rF :! ý m ro with ro = 
070 
V-3- 
(2.8) 
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where co is the equivalent von Mises yield stress and m the friction factor 
(sometimes called the frictional shear parameter). 
Friction factor m 
Usually m=O defines a frictionless interface and m=I a sticking friction. The 
intermetallic friction (at the dead metal zone) is no more than the shear stress of the 
material, therefore m is equal to 1. By using FEM and upper bound formulation, 
Azarkhin and Richmond (1992) demonstrated that conditions of sticking do not 
always generate the friction factor m=l. Kim et al (2000) and Cho and Jeong (2000) 
both showed that 0.90:! ý m:! ý 0.95 (for sticking friction) and m=0.3 (for sliding 
friction) are suitable for the simulation of Conform. Throughout this thesis a limited 
Tresca formulation is used for high friction coefficients (e. g. 0.9) whilst a Coulomb 
definition is used for low friction coefficients (e. g. 0.3). Sheppard (1999a, p-144) 
observed through experiments that m varies between 0.8 and 0.9. Thackray et al 
(2000) listed the variation in m, from 0.70 to 0.92, for different alloys at different 
temperatures. 
From previous research it is clear that the friction factor depends on the interface 
profile, the rate and type of subsurface deformation, and the boundary conditions 
outside the subsurface. Beherens and Schafstall (1999) derived a function for the m 
factor with the use of neural network. The input for this was a combination of 
experimental work and finite element simulation of a ring compression test. The 
resultant output for m was shown as: 
M= f (UN 9 
Vrel 
9 T, (p) (2.9) 
where Vrel is the sliding velocity, T is the temperature and ýq is the plastic strain. 
The model shows that m increases with the contact pressure and decreases with the 
sliding velocity. More recently Flitta and Sheppard (2003) derived a function for m 
using an axisymmetrical finite element model: 
Amanln(ZdIA) + Bm (2.10) 
where An and B,, are fitting parameters; a, n and A are material constants; and Zd is 
an averaged temperature compensated strain rate. Although the model provides good 
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correlation with experimental results, the value of Zdhas only been calculated over a 
relatively arbitrary rectangular area at the die entrance. For greater accuracy Zdcould 
be calculated over an area defined by a significant level of strain rate. 
Bochmann and Doege (1992), and Hu et al (1999) investigated the influence of 
frictional interfaces by modelling the asperities of the die and/or the workpiece 
surfaces. In both cases a very fine mesh was used to represent the asperities as a 
regular triangular shape. It was found that the asperities on the die land have more 
influence on the deformation than those on the workpiece surface. These results 
confirm the necessity for polishing the die land. 
2.1.5 Extrusion pressure 
2.1.5.1 Pressure in direct extrusion 
The study of pressure during aluminium extrusion has been extensively reported. 
The pressure required for the process is the principal consideration in the selection of 
an extrusion press. The pressure can vary depending on: the alloy and its condition, 
the extrusion ratio, diameter and length of the billet, temperature of the billet and 
tooling, ram speed and the shape of the extrudate. 
An early estimation of the extrusion pressure, p, was suggested by Siebel and 
Fangmeir (193 1 cited Sheppard 1999a, p. 29) in the form of- 
&InR (2.11) 
where d; ' is the equivalent stress. Unfortunately, this equation underestimates the 
real extrusion pressure by about 60%. It does not take account the friction, the 
redundant work and the peak pressure It is now generally accepted that the 
extrusion pressure (or the pressure exerted on the ram), p, can be divided into four 
parts as follows (Sheppard 1999a, p. 143-144; and Saha 2000, p. 16-19): 
P --": PD + PF + PRW + PB (2.12) 
where PD is the pressure required for the plastic defori-nation of the billet, which is 
given in the functional form as: 
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PD f (6% (2.13) 
where c- is the mean equivalent strain and the flow stress, aý is defined by: 
T, Si 5 Pj) (2.14) 
where T is the temperature. Si are the state variables such as grain and subgrain size, 
stacking fault energy (SFE) and thermomechanical history. P, are the material 
properties invariant such as the elastic modulus and the crystal structure. It is 
important to recognize that Sj also depends on T, &, e and 6-. 
The pressure pFis required to overcome the friction mainly at the container wall, the 
die bearing and the dead metal zone-material interfaces. It is given in the functional 
form: 
PF = f(p, m', m", m"', Dc, L, L, co) (2.15) 
where p, is the radial pressure, m', m", m' are the friction factor at the container-billet, 
die bearing-material, and dead metal zone-material interfaces, respectively. L is the 
billet length, L' is the die bearing length (for a solid die) and 0) is the semi-dead 
metal zone angle as a function of the extrusion ratio (see Eq. 2.6). 
The pressure PRW is required to compensate redundant or internal deformation work 
(i. e. forces not directly contributing to the shape change such as the shear forces 
which occur over much of the cross section of the extrudate). It is given in the 
functional form: 
PRW -z AÖ73 (2.16) 
The pressure PB is required to overcome the higher number of dislocation density 
present in the billet before steady-state extrusion is reached (Castle and Sheppard 
1976). Therefore, pB can be written as follows: 
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PB ý Psi ý Pi) (2.17) 
From experimental observations and numerical analysis the following formulae can 
be derived (Sheppard 1999a, p. 29; and Saha 2000, p. 20-21): 
=&(a+ b In R +cL) (2.18) 
where a is the contribution to the redundant work, b is linked to the semi-dead metal 
zone angle and c is dependent of the friction coefficients. 
Further work by Sheppard (1993) demonstrated the importance of the shape of the 
extruded product on the extrusion pressure. Therefore the peripheral ratio parameter, 
X, was introduced into the pressure equation. 
In summary, there are certain interrelations between extrusion pressures, extrusion 
temperatures, extrusion ratios and ram velocity: 
increase in temperature of the billet reduces the pressure required, 
the higher the extrusion ratio, the higher the extrusion pressure, 
the greater the billet length, the higher the extrusion pressure. 
2.1.5.2 Pressure in Conform extrusion 
To date very little has been published about the study of extrusion pressure in the 
Confonn process. In publications authors usually refer to the original studies of 
Green (1972), Etherington (1977a and 1977b) or Gorokhov et al (1987 cited Carr et 
al 1996). In all analyses of the mechanics of Conform the important parameters to 
begin extrusion are primarily the initial grip and the upset zone lengths (see Figure 
A. I in Appendix A). These dimensions are directly involved with the friction forces 
which will eventually create sufficient pressure for extrusion to commence. The 
lengths are dependent on tool geometry, friction coefficients, material properties and 
pressure. Plane strain upper bound analyses have been developed by White (1987, 
p. 76-81) and more recently by Kim et al (2000). Unfortunately, the deformations 
present in the Conform process are neither plane strain nor axisymmetric. Therefore, 
such analyses give limited accuracy. 
Both Green and Etherington developed a relationship between the extrusion pressure, 
p, the length of the initial grip, 1, and the length of the upset zone necessary for 
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extrusion to start, 1,, (see Figure A. I in Appendix A). The full demonstration of that 
relationship is detailed in Appendix A and can be expressed as follows: 
,I +lu_w 
2+p 
P acys 
(2.19) 
where w is the groove width, p is the coefficient of friction between the groove wall 
and the feedstock, and acys is the compressive yield stress of the feedstock. The 
extrusion pressure may be determined from general expressions used in conventional 
extrusion analysis, such as: 
=a+ bd; In Rmc (2.20) 
where a and b are the contribution to the redundant work and die friction, & is the 
flow stress of the material, and Rmc is the modified extrusion ratio for Conform. It is 
assumed that Rmc = w'IA, where AE is the cross sectional area of the extrudate. 
Gorokhov et al presented a more accurate approach by defining both the angles 
described by the initial grip, 0, , and the upset zones, 0,, (see Figure A. I in Appendix 
A). These angles are dependent on friction forces, tool geometries, friction 
coefficients and material properties. The following equations are derived in detail in 
Appendix A. 
ou 
= 
(F+Fd) 
(2.21) 
2 pu &u wrg 
01 
=w (2.22) 2, u, xrg 
where F is the force required for the extrusion to occur, Fd is the frictional force 
with the die surface(s), rg is the radius of the wheel at the groove base, x is the initial 
contact with the groove wall, p,, and p, are the coefficient of friction between the 
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groove wall and the feedstock in the upset zone and in the grip length, respectively, 
and a-u is the mean compressive yield strength of the feedstock in the upset zone. 
In summary the extrusion pressure in Conform is initiated by the initial grip and 
upset zone lengths (i. e. the position of the coining roll) and the friction forces (i. e. the 
wheel rotational velocity and the torque). The torque, T, that must be delivered by 
the wheel can be determined from: 
T= Ff rg (2.23) 
where Ff is the total frictional force acting toward the abutment (see Appendix A). 
Thus the corresponding power requirement, P, will be 
P=wT (2.24) 
where co is the angular velocity of the wheel. 
2.1.6 Heat transfer 
Heat transfer is one of the most important phenomena to consider in extrusion as it 
defines the temperature parameter. This is one of the process variables which can be 
controlled. Temperature rise and distribution in conventional extrusion have been 
investigated by many researchers (Lefstad 1988; Pham 1992; Castle 1992; Saha 
1996; Libura et al 2000; Barron and Larrick 2004) but very little has been published 
for Conform extrusion (Tomimatu et al 1999; Velay and Sheppard 2000a; Maddock 
2000). In general it has been shown that variations in temperature are mainly due to 
the extrusion ratio and ram speed (or wheel speed). The flow stress and therefore the 
pressure can be reduced if the temperature is increased. However there is a risk of 
localised incipient melting with high ram velocity. 
2.1.6.1 Overall heat transfer 
During the overall process heat generation and heat transfer occur in six successive 
stages which are all interdependent. 
Homogenization 
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Cast billets (or logs) are usually homogenised before extrusion in order to improve 
their workability. Feedstock, essentially cast rods, are also homogenised (Parkinson, 
1988). This heat treatment process partially or completely eliminates undesirable 
metallurgical effects such as coarse precipitation and dendritic cell segregation, 
supersaturated solutions of finely dispersed precipitates, and heterogeneous grain and 
cell boundary precipitation (Jackson and Sheppard, 1996; Saha 2000, p. 13 6-13 9). 
Pre-heat 
Pre-heat is important in conventional extrusion to ensure that extrusion will occur, 
especially for high extrusion ratios. Taper heating or taper quenching billets are used 
for isothermal extrusion. The initial temperature(s) of the billet will influence the 
surface finish and structure of the extrudate. Thermal changes in the billet occur 
after its ejection from the billet heater and prior to the start of the extrusion. There is 
a small heat transfer from the billet due to convection to the atmosphere and 
conduction within the container. In Conform extrusion the feedstock is fed directly 
into the wheel groove with no pre-heating. The necessary heat for extrusion is 
developed from the friction forces. However, a small amount of heat is transferred to 
the feedstock before upsetting. This is due to the plastic deformation from coining 
and the thermal conduction from the wheel to the feedstock. 
Extrusion 
The heat transfer involved in both the container-die and groove-die volumes are 
detailed in section 2.1.6.2 and 2.1.6.3 respectively. 
Exit 
As the extrudate travels on the run-out table heat is lost through radiation, convection 
to air and quenching loss to water (press quenching), and conduction to the contact 
surfaces with the run-out table. The extrudate is usually in contact with graphite slats 
or steel rollers. The contact surfaces are small and so the conduction via the run-out 
table is assumed to be negligible (Pharn 1992). 
Stretching 
In conventional extrusion the extruded length generally requires straightening. This 
is done by stretching the extrudate by I to 3% of its original length. Such 
deformation will generate a negligible amount of heat. The majority of profiles 
extruded by Conform are coiled on the line. Very precise speed control of the coiler 
is required, which must match the extrusion speed exactly to eliminate any form of 
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stretching of the relatively 'soft' just extruded profile at the die exit (Bridgewater and 
Maddock, 1996). 
Solution treatment and ageing 
The correct heat treatment of soft and medium grade alurninium. alloy is important to 
obtain the required mechanical properties, such as hardness and strength. For all heat 
treatable aluminium., heat treatment is a two-stage process: solution heat treatment 
and precipitation hardening (ageing). The fundamental metallurgy behind solution 
heat treatment and ageing is to allow the hardening constituents into solid solution 
during solution treatment and subsequent precipitation during ageing (Cramlet et al 
2000). 
2.1.6.2 Heat balance in conventional extrusion 
The heat generation and heat transfer that occur during the extrusion are critical 
because they define the exit temperature of the extrudate. The temperature of the 
aluminium just leaving the die is important for the product quality (heat treatment, 
dimensional stability and extrusion defects) and the die life (wear and performance). 
Castle (1992) and Sheppard (I 999b) divided the heat balance between the following 
processes: 
- heat generation due to plastic deformation, 
- heat generation due to friction at the container-billet, dead metal zone- 
material and die land-material interfaces, 
- and heat exchange between the billet and the tooling (container, pressure pad, 
die land). 
Heat generation due to plastic deformation 
Approximately 90-95% of the mechanical energy is transformed into heat. Therefore 
the heat generation rate due to deformation per unit of volume, Od I can 
be written as 
follow: 
Od 
ý- 'ý U'ý (2.25) 
where A is the heat generation efficiency (0.90:! ý A:! ý 0.95 ). 
Sheppard (I 999b) reviewed the different methods available to calculate the 
temperature changes occurring during aluminium extrusion. The approximate 
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equations of SWwe (1968 cited Sheppard 1999b) were introduce in Sheppard's 
technical note. StiIwe's equations for temperature increase due to deformation, 
friction at the billet surface, and friction at the die land surface are presented in 
equations (2.26), (2.27) and (2.28) respectively. Sheppard also introduced the 
integral profile approach for the analysis of temperature variations in extrusion. 
With this method the deformation zones are divided into control volumes from which 
significant heat flows are integrated. The integral profile method, which could be 
used in real time, proved to correlate relatively well with FEM and experimental 
results. It was shown that Stilwe's equations can overestimate the temperature rise 
due to die friction in AA 6063 by as much as 32%. 
Sttiwe defined the temperature increase due to deformation, ATd as follows: 
&InR ATd -V -3(PAICp(Al)) (2.26) 
where JOAI is the aluminium density andCp(Al)'Sthe specific heat of aluminium. 
Heat generation due to container-billetftictional interface 
It is assumed that shearing will occur along the boundary of the billet, and that heat 
transfer is divided equally and uniformly between the billet and the container. 
Therefore, according to Sttiwe, the temperature increase due to friction at the billet 
surface, ATbf ,is: 
ATbf 
VRLB 
(2.27) 
4V3(10AICp(Al)) aAl 
where 
LB is the billet length, and aA1 is the thennal diffusivity. 
Heat generation due to die land-materialftictional interface 
As with equation (2.27) Sttiwe gives the following equation to determine the 
temperature increase due to friction at the die land surface, 
ATdf : 
Vs LD 
'6ýTdf 4 3Tp a 9AICp(AJ) Al 
(2.28) 
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where LD is the die land length and V. is the exit speed of the extrudate. 
Heat generation due to dead metal zone-materialftictional interface 
The speed of the flowing material, Vm, at the dead metal zone interface is 
approximately calculated from the relationship: 
V 
VM R 
Cos 0-) 
(2.29) 
where o) is the cone semi-angle of the dead metal zone. The contact length, Lm 9 is 
geometrically calculated as: 
Lm = 
Dc -DE 
2 sin co 
(2.30) 
where Dc is the diameter of the container bore and DE is the equivalent diameter of 
the extrudate. Therefore one can express the temperature increase due to friction at 
the dead metal zone, ATdmf , as follows: 
ATdmf ML L M 
4N[3(10AICp(Al)) 
FaAIM 
D-ý ýD 
FR Fc 
E 
=> 
ATdmf (2.31) 
4ý3(PAI Cp(Al)) 
ý 
aAl sin 2co 
Heat transfer between material and tooling 
The heat transfers between the material and the tooling are governed by the law of 
conduction and convection (if cooling is present). Equations (2.32) and (2.33) 
represent the temperature gradient due to conduction, ATond , and convection, 
ATconv 
9 
respectively. 
d ATcond- qcond 
kA 
(2.32) 
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ATconv 
=q conv hCA 
(2.33) 
where 4cond and 4con, are the rate of heat transfer due to conduction and convection 
respectively, k is the thermal conductivity, k is the convection heat transfer 
coefficient (film coefficient), A is the area of contact, and d is the thickness of the 
material through which conduction occurs. Although the thermal conductivity is 
dependant of the contact stress, in most analyses it is taken as a constant value 
(Caliskanoglu et al 2002). 
2.1.6.3 Heat balance in Conform 
In Conform extrusion the heat balance is similar to that of conventional extrusion. 
Heat is generated by the deformation of the feedstock and the different frictional 
interfaces. Heat is also transferred with conduction and convection. 
shows a flowchart of the heat transfer in Conform extrusion. 
Heat transfer in Conform extrusion 
Heat conduction 
between feedstock 
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Figure 2.3 Heat transfer in Conform Extrusion 
Figure 2.3 
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The temperature increase is highly dependant on the rotational velocity of the wheel. 
Tomimatu et al (1999) reinforced the importance of thermal management in 
Conform extrusion. They reported that there was lower quality extrudate and 
melting with high wheel velocity. The tooling is relatively small and cooled, which 
gives rise to an equilibrium temperature in the deformation zone (Parkinson 1988). 
Wheel cooling (Clode 1992b), die cooling (Tomimatu et al 1999) and shoe heating 
(Bridgewater and Maddock 1996) can be implemented to improve extrudate quality 
and therefore productivity. 
2.2 Constitutive laws 
2.2.1 Yield criterion 
A yield criterion is a law which defines the limits of elasticity under any possible 
combination of stresses. It is expressed by: 
(au )= (constant) (2.34) 
where f (au ) is called the yield function and a, is defined by the Cauchy stress 
tensor (see Appendix B for more detail). For isotropic materials, such as aluminium 
alloys, plastic yielding can depend only on the magnitude of the three principal 
stresses 
(071 
ý 
072 
9 
073) and not on their directions. Thus any yield criterion can be 
expressed as follows: 
Ql 
9 
J2 
ý 
J3 ) --": C (constant) (2.35) 
where JI, 
J2 and 
J3 are the three invariants of the stress tensor u, (see Appendix 
B for more detail). The first invariant ( J, /3) represents the hydrostatic pressure. 
Although this pressure may increase ductility it does not contribute to deformation. 
For ductile materials, two different criteria are generally used. The Tresca criterion, 
which postulates that yielding will occur when the largest shear stress reaches a 
critical value, and the von Mises criterion which states that yielding will take place 
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when the second invariant J2 reaches a critical value. The Tresca criterion provides 
a practical approximation of yielding, however, the von Mises criterion is usually 
preferred because it correlates better with experimental data. Both criteria are 
detailed in Appendix B. 
2.2.2 Viscoplastic model 
The theory of plasticity adequately describes materials with time-independent 
behaviour. However the theory of viscoplasticity more effectively defines the 
material behaviour which exhibits strain rate sensitivity such as in aluminium alloys. 
During hot extrusion the aluminium alloys properties can vary considerably with 
temperature. The workpiece (e. g. billet and extrudate) experiences temperature 
gradients. These temperature gradients are more severe within the feedstock in 
Conform extrusion. At elevated temperatures, plastic deformation can induce phase 
transformations and modifications to grain structures. These metallurgical changes 
can, in turn, modify the flow stress of the material as well as other mechanical 
properties. Thus, the flow stress, a-, can be expressed as a function of temperature, 
strain, strain rate, and state variables (see equation 2.14). At very high 
temperatures (< 0.9T.. ), where T,,, is the lowest melting point of the material, the 
influence of strain on flow stress is insignificant, and the influence of strain rate 
becomes increasingly important. Therefore & can be expressed as follows: 
T, Si, Pi) (2.36) 
The hot deformation of aluminium. alloys is commonly described by the equations 
shown below (2.37 and 2.38). Initially proposed by Zener and Hollomon (1944 cited 
Wright et al 1996), later modified by Sellars and Tegart (1966 cited Shi et al 1997) 
and then subsequently modified again by Sheppard and Wright (1979). 
stress is written: 
a=-In 
a 
Z 
1 
The flow 
(2.37) 
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or 
Z= A[sinh(aU-)]' (2.38) 
where the parameters are defined as follows: 
a is the reciprocal flow stress. Garofalo (1963 cited Hertzberg 1996, p. 169) 
and Ness et al (1994) showed that equation (2.37) reduces to a power law 
when a&<0.8 but approximates an exponential relationship when 
a& > 1.2. 
n is the inverse of the temperature compensated strain rate sensitivity. It is 
strongly dependent on a (Sheppard and Jackson 1997). 
A is a constant sometimes termed as the structure factor. It measures the 
probability deformation occurrences at possible active sites. 
-Z is the temperature compensated strain rate parameter also called the Zener- 
Hollomon parameter. It is given by equation (2.39) below. 
Z=c exp 
AH) 
GT 
(2.39) 
where T is the temperature, G is the universal gas constant (8.31451 J. mol-l. K-1), and 
AH is the activation energy for hot deformation. Hertzberg (1996, p. 165-166) 
showed that the activation energy for creep in aluminium increases with temperature 
up to T -- 0.5T,, whereupon it remains constant up to the melting point. The constant 
AH at high temperature is equal in magnitude to the activation energy for self 
diffusion which is approximately 153000 J. mol-1 (Sheppard and Jackson 1997). 
To be useful in analyses, the flow stresses of alloys must be determined 
experimentally for the strain, strain rate, and temperature conditions that exist in hot 
extrusion processes. The most appropriate method, described by Sheppard and 
Jackson (1997) is the torsion test. It can achieve strain in excess of 20 compared to 
0.3 and 2 with tension and compression tests respectively. Table 2.1 lists the flow 
stress data for both AA I 100 and AA6063. 
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Alloy a 
(m 2. N4N-1) 
n 
- 
AH 
(J. M01-1) 
G 
(J. mol-l. K-1) 
InA 
(S-I) 
AAllOO 0.045 5.660 158300 8.31451 24.67 
AA6063 0.040 5.385 141550 8.31451 22.50 
Table 2.1 Flow stress data (Sheppard and Jackson 1997) 
Although the flow stress defined in equation (2.37) is widely used in aluminium 
extrusion, it does not take into account the evolution of the structure and its 
subsequent effects. Recently, Marthinsen and Nes (2001) developed a stress-strain 
relationship for face centred cubic (fcc) metals such as Al-Mg alloys. Their model is 
based on a statistical approach and it incorporates a general internal state variable 
description, based on dislocation storage, dynamic recovery of network dislocations, 
and sub-boundary structures. Effects from grain boundaries, elements in solid 
solution, and the presence of precipitate particles are also included. Thus the 
structure morphology of the extrudate may be predicted. 
2.3 Quality of the extrudate 
The quality of the extrudate can be measured by the degree of internal precision 
(substructure, grain size, metallurgical structure, precipitates, non-homogeneous 
metal flow, variation of structure across the extrudate, etc ... ), external 
defects 
(surface finish), geometrical tolerances and mechanical and physical properties. The 
latter are mostly dependent on the internal structural variations. 
2.3.1 Internal defects 
Internal defects due to metalflow 
Berezhnoy et al (1999) studied intemal defects caused by the metal flow. They 
divided the defects into three categories: 
- coring, where the metal flows centrally from the 
dummy block towards the 
centre part of the extrudate, 
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- 'top side extrusion defect', where the billet surface near the dummy block 
flows into the die at some defined point during the extrusion, 
- and 'low side extrusion defect', where the defect is created by some material 
flowing from the container wall to the die. 
By optimising the temperature gradient between the billet and the tooling and by 
controlling the friction Berezhnoy et al demonstrated that these surface defects can 
be prevented. Such defects were also simulated with FEM software by both 
Thackray et al (2000) and Sheppard et al (2004). 
Internal defects due to macrostructure 
During hot deformation of crystals, lattice defects (edge, screw and mixed 
dislocations) move by different processes known as dislocation climb and cross-slip. 
Dislocations also multiply according to the Franck-Read source mechanism (Read 
1953 cited Hertzberg 1996, p. 85-86) and the dislocation density can reach values 
around 1014_1015 dislocation/M2. In metal with high staking fault energy (SFE), such 
as aluminium, the dislocation rearrangement process is relatively easy and 
accelerated. If the crystal contains both positive and negative edge dislocations lying 
on the same plane, their combination would result in mutual annihilation and the 
elimination of the two high energy regions of lattice distortion. If two dislocations 
are of the same sign they repel each other. Dislocations have a tendency to arrange 
themselves in walls which are roughly equispaced. These walls subsequently form 
subgrains with a much lower dislocation density (I 08_ 1 010 dislocation/M2) . This 
process is termed dynamic recovery and prevents work-hardening during extrusion 
by balancing the rates of dislocation generation and annihilation. The resultant 
macrostructure influences the material properties of the extrudate. 
Nes et al (1994) and Sheppard (1996) developed mathematical models to predict the 
substructure evolution and the recrystallization kinetics in aluminium rolling and 
extrusion, respectively. In subsequent work, Marthinsen and Nes (2001) included 
the effect of grain boundaries, constituent particles and dispersoids. Unfortunately 
the lack of information regarding strain and temperature distribution in the 
deformation zones of complex geometry (e. g. shaped bar extrusion), required the 
user to make assumptions of uniform and isothermal deformation in the extrusion 
process. Nowadays it is possible to use finite element models to calculate strains, 
strain rates, stresses and temperatures and subsequently predict the distribution of the 
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subgrain size, recrystallization kinetics, grain size distribution and other 
microstructural phenomena affecting the properties of the deformed material. 
Furu et al (1996) implemented a recrystallization and grain size model into the 
commercial FEA software Forge 2. The model was validated against experimental 
work using an axisymmetric cold forward extrusion of AA6010 and AA6082. The 
FEM results correlated relatively well with the experimental work for the fraction 
recrystallized and the recrystallized grain size. The model did not include features 
regarding the nucleation and growth of recrystallization. Dashwood et al (1996) 
implemented a subgrain size model into the Forge 2 software. This empirical model 
used an average value of the temperature compensated strain rate parameter (Z) with 
respect to the strain at each node. A relatively good agreement was achieved 
between the experimental and predicted subgrain sizes. However, this was done at 
the expense of raising the value of the activation energy, AH, to 328kJ. mol-1. The 
activation energy of aluminium alloys is considered to be a material property and this 
can vary from between 150 to 160 kJ. mol-1 for a 7-series aluminium alloy. 
Bhattacharyya et al (2001) integrated models of crystal plasticity with FEM to study 
the microstructure of aluminium at the grain-scale (i. e. modelling up to 21 grains 
with just under 2200 three-dimensional elements). When compared with orientation 
imaging microscopy (01M) measurements it was found that the FE model predicted 
reasonably well the grain orientation produced by deformation. However, the FE 
model failed to capture the spatial distribution of misorientations. With today's 
current hardware capabilities, it would be virtually impossible to implement such a 
model for use with industrial extrusion. 
Duan and Sheppard (2002a) incorporated modified physical models proposed by 
Sellars and Zhu (2000) into Forge 2 to predict three internal state variables: 
dislocation densities, subgrain size and misorientation between subgrains. 
Subsequently the values of the state variables were used to update the flow stress of 
the rolled aluminium at each time step using a model from Marthinsen and Nes 
(200 1). The results from the FEM analyses showed reasonable agreement with 
experimental observations. Sheppard and Duan (2002b) continued their work on the 
simulation of rolling with Forge 2 by combining empirical microstructural models 
from the work of Vatne et al 2000. This enabled them to predict the distribution of 
the volume fraction recrystallized and the recrystallized grain size with aluminium 
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rolling. A very good correlation between the calculated and experimental results 
validated the process. 
Duan and Sheppard (2003) applied their previous work, mentioned above, to the 
process of aluminium extrusion. The predicted values (in the two-dimensional 
domain) fitted well with experimental observations. Recently, both Peng and 
Sheppard (2004) and Duan et al (2004) simulated the metallurgical behaviour of 
aluminium alloys in hot extrusion in three-dimension (using Forge 3). A good 
correlation with experimental results was obtained. The author was involved with 
the work of Duan et al (2004) and details of this are shown in Section 5.3 of this 
thesis. 
2.3.2 Surface quality 
The visual appearance of extruded aluminiurn profiles is often very important for 
commercial products. Anodizing and painting do not always hide surface defects, on 
the contrary, they sometimes exaggerate them. Sheppard and Clode (1988) 
investigated the origin and formation of principal extrusion defects. This included 
pick-up and die lines and also the origin of micro die lines (0.5-2ýtm) for AA6063. 
The effects of temperature and temperature compensated strain rate were also 
established, together with the influence of the die land length and its surface finish. 
Parson et al (1996) studied the effect of die geometry and the role of the process 
variables (billet temperature and extrusion speed) on the surface quality. Ceretti et al 
(1999) and Sheppard et al (2004) simulated surface cracking defects by combining a 
damage criterion (Cockroft & Latham) with a finite element analysis, both using 
different two dimensional FEM software. 
Sinha and Chia (1988) reported the formation of blisters at the die exit and during 
heat treatment on products extruded by Conform. They suggested that the main 
reasons for blistering were due to oil contamination (from the feedstock) and 
moisture (entrapped air due to high velocity of the wheel). The moisture can react 
with the newly exposed aluminium. to form molecules of hydrogen according to the 
following reactions: 
2AI + 3H20=A'203+3H2 (2.40) 
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The entrapped hydrogen expands due to heat and causes blisters on the surface. 
Similarly in conventional extrusion air can be entrapped in the container during 
upsetting and cause back-end and front-end blisters. Jowett et al (2004) considered 
the differing of billet-container clearance, temperature differential, and temperature 
tapers to reduce the air entrapment. 
2.3.3 Geometrical tolerances 
Based on both theoretical analyses and industrial tests of thin-wall extrusions, 
Zasadzinski et al (2000) found that a geometrical tolerance below 10% is virtually 
impossible. This work highlighted the importance of die design and manufacture for 
geometrical quality. Jowett et al (2000b) demonstrated that geometrical variations 
are not primarily due to mechanical deflection of the toolstack, but result from 
thermally induced distortions in the die. Thedja et al (1992), with the use of split die 
and X-ray micrograph, concluded that the frictional interface at the die land 
considerably influences both shape accuracy and surface quality of the extrudate. 
Tashiro et al (1992) performed experimental and industrial extrusions with different 
temperatures for the billet and die. The distortion and variations in the shape of the 
extrudate was recorded and it was found that these temperatures significantly 
influenced the geometry of the cross section. Halvorsen and Aukrust (2004) 
investigated the buckling and waving in fine strip extrusion. It was demonstrated 
that the flow imbalance created by the variations in feeder geometry can be 
accurately analysed by FEM techniques. 
2.3.4 Mechanical and physical properties 
Properties such as strength, electrical conductivity, hardness, fracture toughness, and 
corrosion resistance can be critical depending on the final application of the extruded 
product. Sheppard (2000) demonstrated that the mechanical properties of extruded 
aluminiurn alloys, such as proof stress, ultimate strength, and percentage of 
elongation, can be a function of In(Z). Sheppard (1996), Parson et al (2004), Sweet 
et al (2004) and Van Geertruyden et al (2004) observed the formation of peripheral 
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coarse grain (PCG) in extrusion and suggested approaches to the control of the 
coarse grain surface layer. These findings suggest a variation of mechanical 
properties across the cross section of the extrudate due to PCG. Wang et al (2004) 
used FEM and electron backscatter diffraction (EBSD) to study the evolution of 
PCG. Their results suggested that at high temperatures unstable fine grains coarsen 
to form PCGs. Royset et al (2004) developed a computer program (Almech) capable 
of predicting the mechanical properties and the extrudability of 6xxx alloys. The 
inference engine uses a large database derived from experiments. The prediction 
models take into account the amounts of undissolvedMg2Si particles. More 
consistent mechanical and physical properties can be obtained with isothermal 
extrusion. 
Etherington and Slater (1984) reported the mechanical and electrical properties of a 
wide variety of alloys in rod and powder form extruded with Conform. The 
properties were within or close to the required specifications for commercial 
products as they would be from conventional extrusion. 
2.3.5 Limit diagram 
Several variables (or combinations of these variables) can influence the occurrence 
of extrusion defects. These variables are the initial billet temperature and 
macrostructure, the container and die temperature, the extrusion ratio, the ram speed, 
the design of the die stack, and the exit temperature. However it is accepted that the 
quality of the extrudate is mainly influenced by the billet temperature and the speed 
of deformation (Sheppard 2000). Therefore, for any particular alloy a limit diagram 
can be generated in order to combine the optimum parameter for productivity. 
Figure 2.4 shows the limit diagram for AA6063 and the effect of common press 
variables. The optimum extrusion parameters, in terms of quality, are delineated by 
three zones: insufficient pressure, inadequate surface and inadequate mechanical 
properties. For this alloy the ultimate productivity is reached with a billet 
temperature of around 450'C and an extrusion speed of about I 10m. min-1. 
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Figure 2.4 Limit diagram for 6063 including common press variable (Sheppard 
1999a, p. 304) 
Using the concept of 'limit diagram' from conventional extrusion, Molyneux (1988) 
introduced the idea of 'performance envelope' for Conklad extrusion (cladding with 
Confonn). A performance envelope describes an operating zone against the line 
speed (in m. min-1) and the core diameter (mm). 
2.4 Tooling in extrusion 
As with every metal forming machine, the design and manufacture of the tooling in 
extrusion plays an important role in the quality of the finished product. In aluminium 
extrusion the tooling must sustain very high pressures at high temperatures (between 
4000C and 5500C). The tooling in contact with the workpiece experiences heat 
transfer which influences the exit temperature of the extrudate. Both in conventional 
and Conform extrusion, the design of the die and die stack requires substantial time, 
effort and expertise. The tool life is predominantly defined by its resistance to wear, 
fracture and plastic deformation. A poorly designed tool reduces productivity and in 
the event of a fatal fracture could cause damage to surrounding tooling and threaten 
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workers' safety. It is therefore essential to optimise the design of the tooling so that 
the time for extrusion trials is reduced and subsequently productivity is increased. 
2.4.1 Die design 
The design of the die must allow for uniform flow, stable dimensions and desirable 
surface quality of the extrudate. With an irregular cross section the material can 
experience an unbalanced flow at the die exit. The material flows more easily 
through the thicker sections of the die than the thinner sections. Furthermore, the 
material from the billet flows easily from the centre and less so from the periphery. 
Therefore, care and expertise must be applied to the length and angle of die lands in 
order to achieve a uniform flow during extrusion. The use of recess pocket dies can 
also help to achieve a balanced flow. For die optimisation it is more practical to 
update the pocket die by milling than the bearing length by hand grinding. 
Furthermore, modifications to the pocket would last longer than changes to the 
bearing length (Lea and Jowett 2004). Unfortunately, more heat is generated by 
using pocket dies due to the increased length of the flow Path along the dead metal 
zone (i. e. due to the increase of friction). 
Extrusion dies are modelled and manufactured with computer-aided design and 
computer-aided manufacture systems (CAD/CAM). Raggenbass and Reissner 
(2000) demonstrated that an in-house knowledge based system could improve the 
design of extrusion die in terms of quality and time. Computerised numerical control 
(CNC), electrical discharge machining (EDM) and wire EDM machines can then be 
used to remove the metal in a controlled and accurate manner. 
Zhang and Heathcock (2000) used finite element analysis (FEA) to predict the 
potential flow rate at the die exit and subsequently derive the bearing length. The 
results agreed well with their experimental observations. Lof et al (2000a) 
developed a two-dimensional FEM model to investigate the influence of profile 
thickness, bearing length and angle. A design rule was suggested to produce 
industrial design for bearings and pockets. Lindviksmoen et al (1996) and Lof et al 
(2000b) used FEA and statistical design of experiments to calculate the loading on 
different die mandrel geometries. By minimising the forces on the mandrels, the life 
length of the hollow die was extended. Recently, Liscomb (2004) confirmed the 
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suitability of micro-bridge dies for small port, high extrusion ratio and thin walls, by 
using FEA. Li et al (2003a; 2003b) investigated the metal flow and velocity profile 
in complex shapes by using FEA and experimental methods. A qualitative 
understanding of pocket design parameters (angle, size and geometry) was presented. 
Sheppard et al (2004) simulated the effect of die land profile on surface quality. It 
was found that a choked die can significantly reduce the possibility of surface crack 
initiation. 
In the aluminium. extrusion industry, AISI 2343 (H 11) and AISI 2344 (H 13) steels 
are commonly used for die assemblies and other tools in contact with the hot 
workpiece (Castle 2000). This chromium-molybdenum-vanadium-alloyed steel is 
characterised by good resistance to thermal fatigue and thermal shock, hardenability, 
toughness, machinability and polishability, temper resistance and wear resistance. 
Tool steels with better resistance to softening, such as QRO 90 Supreme (Sandberg 
1988) and Extendo-die (McCaffrey 1988) have been suggested especially for hard 
alloys and thin-walled profiles. 
2.4.2 Tool Wear 
Generally in conventional extrusion and certainly in Conform, tool wear is intense 
because of the sticking friction resulting from non lubrication. In order to extend the 
performance of the die a surface treatment such as nitriding, chemical vapour 
deposition (CVD) and physical vapour deposition (PVD) can be used. Nitriding is 
the most commonly used process. However, Pye (1996) presented the advantages of 
surface deposition processes against relatively slow diffusion processes such as 
nitriding. Recently Maier (2004) showed that CVD can now be considered as 
economical and the demand for this process in industry is growing. 
In Conform extrusion the cyclic loads on the die assembly are minimal compared to 
that in conventional extrusion. This allows the use of material which has more wear 
resistance and is also more brittle (Bridgewater and Maddock 1996). Materials such 
as partially stabilised zirconia (PSZ) have been used in Conform for tubes and rods. 
However this material is not suitable for making dies of complicated shapes due to 
the unbalanced pressures on the die surfaces (Velay and Sheppard 2000b). 
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2.4.3 Tool failure 
Falk et al (1998) simulated the material flow on a cold forging die using FEA. The 
load distribution on the surface of the die was extrapolated. By investigating 
different damage concepts, Falk et al could estimate the tool material damage and 
therefore predict the tool life. Hayakawa et al (1999) applied continuum damage 
mechanics and FEA to study the damage and fracture development in extrusion dies. 
The simulation estimated crack initiation, crack growth and final fracture. Kocafida 
(1999) demonstrated the effect of cyclic loading and small plastic strain on the 
fatigue life of extrusion dies. The tool life was predicted with a reasonably high 
level of accuracy by taking account of the load history and by modelling the die as an 
elasto-plastic FEM model. 
2.4.4 Tool optimisation 
The shape of tools can be very complex (e. g. porthole die) and therefore difficult to 
analyse structurally with traditional methods. Today FEA software and computer 
hardware are both affordable and easy to use. FEA is therefore recognised as one of 
the most efficient techniques to analyse and optimise tools (Altan et al 1999; Bay et 
al 1999). Modem computers are relatively fast and powerful; i. e. central processing 
units (CPU) run at frequencies of gigahertz (GHz) units and hard disks have a 
capacity to store tens of gigabytes (Gbytes). Thus, without compromising efficiency, 
the discretization (meshing) of the tooling can make use of a large amount of small 
elements in order to accurately represent the important features of the tool. 
Unfortunately the application of complex boundary conditions remains a problem 
and a source or errors. In most metal forming process, the forces and pressures 
experienced by the tools often vary and are applied with high temperatures and 
friction. One way to reduce the effort of applying boundary conditions is to perform 
a coupled analysis where the tooling is modelled as an elastic part (i. e. not rigid) and 
the workpiece is modelled in the usual way (e. g. viscoplastic) (Lof et al 2000a). 
Sobis et al (1992) describe a different method which can be used to reduce computer 
time. In this second method, the kinematical and mechanical information of the 
viscoplastic simulation are transferred to the surface of the tool. Hence, the tool is 
only analysed for the worst loading case. Sarrazin et al (2000) used the output of a 
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2D metal flow in order to input the loading-unloading cycles on a 3D model of a 
porthole die. It is worth noting that with the fast evolution of software and hardware, 
the effort of transferring the data accurately may surpass the added computational 
time for a coupled analysis. Dail (2004) combined FEA with strain-life prediction of 
fatigue crack initiation to optimise a failed container. It was shown that although 
FEA expertise is expensive, the cost of tool replacement and the loss of production 
could ultimately be more costly. 
2.5 Feeder plates and expansion chambers 
A significant amount of research has been produced regarding the design of pocket 
dies but very little has been published on feeder plates and expansion chambers. 
This could be due to the fact that extruders prefer outsourcing a larger press (i. e. a 
larger container bore) than using a feeder plate. The relatively low number of 
Conform machines may also explain the lack of research regarding expansion 
chambers. Therefore very little is known as to how feeder plates and expansion 
chambers affect important parameters such as the shape of the dead metal zones in 
the billet, the velocity profile, the pressure and the temperature. 
2.5.1 Feeder plates 
In conventional extrusion, a feeder plate (sometimes called a feeder die, spreader 
plate or fishtail plate) is a solid plate positioned in front of the extrusion die in order 
to produce a shape larger than the billet size. Sometimes ring feeders are incorrectly 
called feeder plates. Feeder plates should also not be confused with blend rings. A 
blend ring is put between the container and the die stack to prevent segregation flow. 
Ring feeders and blend rings are not considered in this study. Figure 2.5 illustrates a 
feeder plate with a die. 
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Figure 2.5 Feeder plate and die (Saha 2000, p. 98) 
Billet scalping may be necessary if the circumscribed circle diameter (CCD) of the 
feeder entry is very close to the container bore. The feeder plate needs to be thick 
enough to ensure that the material spreads evenly and smoothly without any abrupt 
changes in direction. This should limit the risk of streaking on the extruded product 
(Dion 1988). A large thickness is also required to minimise the internal taper 
(feeding angle) in order to reduce the reverse pressures which can separate the die 
from the feeder plate (Mason 1988; Duplancic et al 2000). 
In Conform extrusion, Etherington and Slater (1984) made use of a different type of 
feeder plate which was termed a 'stepped feeder plate'. This plate feeds the 
expansion chamber with a series of steps each comprising a port and a 'mini' 
abutment. By controlling the port size and the step height the extrusion pressure in 
the expansion chamber can be balanced in order to extrude flat hollow sections 
(aspect ratio of 5.5: 1) with widths 3.5 times larger than the wheel groove. This type 
of feeder plate is not investigated in this thesis. 
2.5.2 Expansion chambers 
In Conform, dies are said to be of two types: direct and indirect. In the direct type 
the die orifice is placed directly in front of the wheel groove. With the indirect type, 
the die orifice is fed by an expansion chamber. An expansion chamber (sometimes 
called expansion shoe) is a cavity placed between the wheel and the die. Its role is to 
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spread the feedstock, from a primary orifice to the die entrance, in order to extrude 
larger sections than the feedstock diameter. Thus a wide range of sections and 
shapes can be extruded from a single feedstock diameter. Figure 2.6 shows a 
schematic diagram of an expansion chamber. 
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Figure 2.6 Expansion chamber 
With the use of macrographs, Sinha and Chia (1988) and Clode (I 992b) showed that 
the material flow in the expansion chamber follows a semi-spherical wave pattern. 
However, the flow pattern is not axisymmetric because of the pressure differential at 
the primary orifice (i. e. expansion chamber entry). The creation of dead metal zones 
at the comers of the expansion chamber was also reported together with a less 
deformed central layer. Clode (1992b) observed some swirling through the centre 
zone of the chamber and into the extrudate. Regions of intense shear created the 
outer annulus of the extrudate which showed some high degree of directionality 
compared to the swirling microstructure at the centre. 
Velay and Sheppard (2000b) used FEM to simulate Conform extrusion with an 
expansion chamber. Results such as strain and temperature gradients were 
qualitatively compared between a plane strain model and a three dimensional model. 
Figure 2.7 illustrates a three-dimensional expansion chamber with (XY) as a plane of 
symmetry. 
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Figure 2.7 Three-dimensional view of the expansion chamber 
Figure 2.8 shows the temperature distribution inside the expansion chamber. 
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Figure 2.8 Temperature distribution inside the expansion chamber 
The results from the 3D model correlated relatively well with observations from 
experimental works, however some discrepancies were apparent. There were two 
main reasons for these discrepancies. Firstly, the simulations could not be run until 
steady state was reached because of the limitations in both computing power and 
number of iterations available from the FE code. Secondly, the expansion chamber 
was filled before the start of the analysis, which consequently led to a loss of 
material history and spatial topology from the initial deformations. The results of 
these analyses are further detailed in Chapter five. 
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2.6 Modelling of aluminium extrusion 
The mechanics of aluminium extrusion can be modelled in several ways as listed 
below: 
empirical formulae, 
visioplasticity technique, 
slab analysis, 
slip-line field theory, 
upper bound analysis, 
and finite element method. 
The empirical formulae, which are based on experimental results of extrusion, are 
well documented in section 2.1 of this thesis. The visioplasticity technique is a semi- 
empirical method where the deformed pattern of flow lines (from a workpiece) is 
used to determine the stress and strain fields (Lin and Wang 1992). Slab analysis, 
slip-line field theory and upper bound analysis are all briefly described below. In the 
past these have been used to numerically investigate the mechanics of extrusion. 
However, due to the current power of computers and software, most of the analyses 
are now performed with the finite element method (Bourqui et al 2004). 
2.6.1 Slab analysis 
Slab analysis is also called the free body-equilibrium approach. This method 
imposes a force balance on a slab of metal of differential thickness. This generates a 
differential equation where variations are considered in one direction only. This 
equation is then integrated with relevant boundary conditions to give a solution. 
Although the effects from frictional interfaces are included in the initial force 
balance, these do not influence the deformation of the workpiece and the way that the 
metal flows. Furthermore, this method can only represent plane strain or 
axi symmetric models. Hosford and Caddell (1983, p. 115-119) used slab analysis to 
define equations for sheet drawings, whilst Sheppard (1999a, p. 30-31) used the 
method for direct extrusion processes. 
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2.6.2 Slip-line field theory 
The slip-line theory is well described by Hill (1950 cited Mooi 1996, p. 7-8). The 
4slip-lines' represent the planes of maximum shear stress. The workpiece is assumed 
to be plane strain and rigid perfectly plastic. Thus elastic strains are neglected and 
the flow stress is a constant (i. e. no work hardening). The effects of temperature, 
strain rate and time are not considered. A constant shear stress (e. g. sticking friction) 
can be applied at the frictional interface in the form of a velocity discontinuity. 
Plane strain extrusion can be analysed by dividing the field into nets of straight lines 
and centred fans which are composed of a-lines and P-lines (Storen 1993). The slip- 
line field is represented in the form of a hodograph which is adjusted manually to 
agree with the physical field. The field and the hodograph can be used to study the 
deformation of the material by drawing stream lines. 
2.6.3 Upper bound analysis 
In upper bound analysis hodographs are also constructed to agree with the physical 
field. In this method the pressure calculated is greater or equal to the exact pressure 
required for plastic deformation. Johnson and Kudo (1962 cited Tutcher 1979, p. 3 1) 
made significant progresses with this method. The energy consumed internally in the 
deformation field is calculated using the appropriate strength properties of the 
workpiece. The external stresses are evaluated by equating the external work with 
the internal energy consumption. Constant frictional interface is usually applied and 
the flow stress does not take into account the effects from strain hardening and strain 
rate. Only simple geometries, using plane strain models, can be analysed. However 
axisymmetric upper bound analyses have been used to study extrusion (Jia et al 
1996; Sheppard 1999a, p. 35). 
2.6.4 Finite element method 
FEM is well accepted as a design and simulation tool in the metal forming industry. 
Since the mid-90s it has been extensively used for the different modelling tasks of 
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aluminium. extrusion. The use of 3D finite element models is still time consuming 
and sometimes unreliable. The formulation of FEM can take three forms: 
Lagrangian, Eulerian or arbitrary Lagrangian Eulerian (ALE). The different 
formulations of the FEM are discussed in section 3.2 of this thesis. 
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Finite Element Modelling of Aluminium 
Extrusion 
3.1 Introduction 
Haepp and Roll (1999) estimated that about 60 finite element (FE) software packages 
were available for the simulation of forming processes. The simulation of aluminium 
extrusion demands specific features from a FE package. These features are similar to 
the ones required in forging as described by Chenot et al (1999) below: 
large deformation both in 2D and 3D, 
re-meshing, 
evolving contact and frictional interfaces, 
complicated temperature evolution, 
thermo-mechanical. coupling between the workpiece and the tooling, 
possible changes of the microstructure of the workpiece during deformation. 
Initially three commercial software packages were shortlisted by the author and his 
co-worker from a review of both the literature and the commercial documentation. A 
technical evaluation was also undertaken which included meetings with the vendors. 
The software packages were benchmarked with a T-shape extrusion, and an 
assessment against the features listed above was carried out. After a thorough 
evaluation the French software packages Forge 2 and Forge 3 were selected. Both 
software packages are commercialised by Transvalor. The initial versions were 
running on Unix platforms, however, the computer 'power/cost' ratio has increased 
rapidly since then. The results presented and discussed in this thesis were taken from 
analyses carried out using the Windows operating system on personal computers 
(PCs) with parallel processors. The following sections of this chapter consider the 
suitability of these two Programmes for conventional and Conform extrusions. 
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3.2 The finite element formulation 
3.2.1 The Lagrangian form 
In the Lagrangian formulation (also called the material description) the meshes 
deform in a way which is geometrically similar to that of the bulk material. In 
extrusion the workpiece experiences large deformation, thus a Lagrangian mesh 
rapidly shows severely distorted elements in the region of concentrated strain. The 
excessive degeneration of the mesh will make the determinant of the transformation 
matrix negative and subsequently stop the FEA calculations (Yang and Lee 1999). 
Therefore, in order to be efficient, FE software based on a Lagrangian fon-nulation 
should incorporate an automatic re-meshing procedure. Such a procedure identifies a 
critical mesh degeneracy factor when the analysis is temporarily stopped to allow the 
generation of a new mesh. The meshing algorithm must be robust and efficient 
especially in the simulation of extrusion where a large amount of re-meshing is 
required. Before restarting the calculation another algorithm is necessary to transfer 
the state variables from the distorted mesh to the new mesh without excessively 
smoothing the gradient of these variables. Both Forge 2 and Forge 3 simulate metal 
deformation using a Lagrangian description. 
3.2.2 The Eulerian form 
In the Eulerian method (also called the spatial description) the mesh is fixed and the 
material flows through the mesh. Therefore, no mesh distortion occurs but it is 
difficult to accurately model the free surfaces of the extrudate after it leaves the die 
bearing. Richards and Bhattacharyya (1996) modelled the extrusion of metal using 
an Eulerian code and treated the material as a highly viscous thixotropic fluid. 
Prediction of velocity, strain and strain rate agreed with experimental data but the 
results showed that the pressure had been underestimated. Smelser and Thompson 
(1992) presented the use of Eulerian flow formulation for the simulation of direct and 
indirect extrusions. It was shown that the Eulerian method is very appropriate for 
both frictionless direct and indirect extrusion. However, several issues regarding the 
modelling of direct extrusion with friction remain to be resolved. Problems occur 
with materials whose constitutive behaviour depends on their history. The Eulerian 
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equation for this history-dependent quantity is a first order differential equation 
which requires an initial value. Unfortunately, this initial value and the position of 
the material (associated with this value) are unknown. Furthen-nore, the Eulerian 
formulation raises additional modelling problems with the heat transfer associated 
with the container and the billet-container interactions. However, the use of Eulerian 
code for aluminiurn extrusion process modelling and design can provide useful 
qualitative information especially for complex hollow profiles (van Rens et al 2000). 
Unfortunately, as mentioned before, the modelling of friction is a very important 
factor in the extrusion of aluminium alloys with Conform extrusion. 
3.2.3 The Arbitrary Lagrangian Eulerian form 
This method was developed in fluid mechanics to simulate fluid-structure interaction 
and to model the motion of free surfaces. Huetink introduced the ALE method for 
metal forming by formulating his approach as an extension of a Lagrangian 
formulation with the addition of relatively small convective terms (Huetink and van 
der Helm 1992). In the ALE formulation, the mesh velocity is not equal to the 
material and is computed so that the distortion of elements remains as small as 
possible. Chenot and Bellet (1995) showed that the ALE method significantly 
decreases the total number of re-meshing steps necessary for a given simulation. Lof 
et al (2000a and 2000b) successfully modelled the hot extrusion of a selection of 
aluminiurn alloys using ALE software (DiekA). This software is based on a transient 
Galerkin formulation in which finite time steps control the discretisation of the 
analyses. The ALE formulation is applied as a partially decoupled backward ALE 
algorithm. This means that the state variables, at the start of the next time step, are 
updated by the displacement from the end of the previous step. This process is 
repeated for each equilibrium iteration. The mesh topology must remain unchanged 
as opposed to the method used in traditional ALE formulations. The remapping of 
the state variables is therefore done with the use of a convective procedure. 
Furthermore, the computation of the transient thermornechanical. equations requires a 
large number of calculation steps. Often an upper limit for the thermal problem is 
calculated in order to reduce the number of steps from around 107 to less than 50 
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(Lof and Huetink 2000). The ALE method leads to rather complicated mathematical 
derivations and results in an unsymmetrical stiffness matrix (Tong et al 1992). 
3.3 Constitutive equations 
Three viscoplastic behaviours were studied: Norton-Hoff, Hansel-Spittel and Zener- 
Hollonion. The first two are available by default with the software and the latter was 
programmed via a FORTRAN sub-routine and added into the code. 
3.3.1 Norton-Hoff model 
This model is based on the Norton-Hoff behaviour law, UN-H 9 written in the 
following stress tensor form (Chenot et al 1998): 
(TN-H= 2K(VýýY-l 16, (3.1) 
where m is the strain rate sensitivity index which can be a function of the temperature 
T, such as: 
=m, +mjT (3.2) 
where mO and mi are constants. In this study m will be considered as constant. 
The effective strain rate, .6. is expressed in term of the strain rate tensor e, 
F3; 
(3.3) 
K is the material consistency and depends on thermo-mechanical conditions such as 
temperature and equivalent strain (e). In Forge 2 and Forge 3 the material 
consistency can be known as either a power law (3.4) or an exponential law (3.5) and 
the equations are defined as follows: 
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K= KO(e+. co) 
n 
exp - (3.4) T 
16 
K=K 0 
(C + ., )n exp(- ßT) (3.5) 
where KO is a constant, co is a constant for strain hardening regulation, n is the 
coefficient of sensitivity to strain hardening and 8 is a temperature constant. Since 
material deformation is a mass transfer process, 8 must have a value approximately 
equal to that required for self diffusion. Unfortunately no such limitation is placed 
on the 8 value. The term 'power law' is misleading as both equations (3.4) and 
(3.5) behave exponentially. However, depending on the temperature ranges these 
laws give a different output. For example, in Figure 3.1 the two different Norton- 
Hoff flow stresses (equations 3.11 and 3.12) are plotted against a large temperature 
range (300K to 800K). The stresses were calculated for AA7075 at a strain rate of 
5s-1. 
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Figure 3.1 Norton-Hoff laws versus temperature 
The Norton-Hoff laws diverge noticeably for temperatures below 500K. However in 
the temperature range of hot extrusion (550K to 800K) both laws give approximately 
the same output. Figure 3.2 shows both of the flow stresses versus the hot extrusion 
temperature range. 
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Figure 3.2 Norton-Hoff laws versus extrusion temperatures 
At around 675K the exponential law gives a lower value for the flow stress. At 800K 
the exponential law shows a flow stress which is 20% lower than the power law. The 
results shown in section 3.3.4 of this chapter show that in general, at higher extrusion 
temperatures, the Norton-Hoff laws underestimate the experimental flow stress 
values. Therefore, the Norton-Hoff exponential law will not be considered for the 
remainder of this chapter. 
3.3.2 Hansel-Spittel model 
The Hansel-Spittel rheology law, 07H-S 9 is defined as follows: 
MIT eM2 M4/" (I + ,, 
)m, T M7' ' M3 --t-M8T CH-S= Ae Tml eec (3.6) 
where A, MI -M5 andM7 - mg are regression coefficients. It can be noted that A is 
acting as the material consistency (K) andM3 as the stress rate sensitivity index (m). 
Due to the number of terms present in this formulation, there is always a good 
regression fit with either good or bad experimental data. However, during hot 
extrusion of aluminium. alloys, the effect of the strain on the flow stress is negligible 
and therefore the number of terms in the Hansel-Spittel law can be reduced 
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significantly as demonstrated in equation (3.13). This makes the regression fit more 
meaningful. 
3.3.3 Zener-Hollomon model 
The Zener-Hollomon flow stress, UZ-H has already been defined in equation (2.37) 
and is represented as follows: 
2 
n 
(3.7) UZ-H In 
Z Z) 
A+ 
(iA 
+I 
with Z= cl- exp 
(A. H) 
(3.8) ý GT) 
The advantage of this type of formulation is that AH represents the energy threshold 
required to obtain the dynamic balance between work hardening and softening at 
steady state. In most aluminium alloys the dynamic recovery mechanism is related 
to vacancy diffusion. The value of self-diffusion in aluminium is close to the value 
of AH (Sheppard and Jackson 1997). Furthermore, the value of A can incorporate 
the effect of solute contents such as Mg and Si in AA6063. Van De Langkruis et al 
(2000) defined A with the following equation: 
A= exp(KI - 
K2X) (3.9) 
where K, and K2 are model parameters and X is the weighted solute content: 
X= 2[Mg]+ [Si] (3.10) 
Finally the temperature compensated strain rate parameter, Z, is a function of the 
process parameters and can therefore be used efficiently in other relations describing 
the extrusion process or the behaviour of microstructure (Harris et al 2004). 
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3.3.4 Flow stress influence 
Choosing the appropriate flow stress equation is an important factor for accurately 
calculating workpiece deformation in metal forming. The constitutive equations 
described above have been compared in terms of both strain rate and temperature 
commonly present in hot extrusion. Two alloys, AA2014 and AA7075 were selected 
for this comparison. The derivatives of the flow stresses with the strain rate were 
also investigated as this is the method by which the stress is updated during the 
deformation process. 
In hot aluminium extrusion the flow stress of aluminium alloys is sensitive to 
changes of temperature and strain rate. The influence of these parameters is much 
stronger that the influence of the strain. Thus the constitutive equations can be 
rewritten as follows: 
- Norton-Hoff power law 
+M 
power 
= KO exp m N-H T 
- Norton-Hoff exponential law 
, exp =K exp(- ßTX-%F3 
ý +M cm N-H 0 
- Hansel-Spittel law 
07H-S =A exp(m, T)c 
M3 
- Zener-Hollomon flow stress 
1 In 
a 
AH 
c exp GT) 
A 
AH 
c exp GT 
A 
(3.11) 
(3.12) 
(3.13) 
(3.14) 
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It is clear that equations (3.12) and (3.13) will generate similar flow stresses if they 
are regressed from the same experimental results. Therefore only the Norton-Hoff 
power law (uP"'), the Hansel-Spittel law (c N-H H-S) and the Zener-Hollomon flow 
stress 
(CZ-H)were 
used in the comparisons. 
The flow stress parameters for AA2014 and AA7075 were calculated by multi-linear 
regressions of experimental data from a hot torsion test (Veirod 1983) and a hot 
compression test (Sheppard and Jackson 1997) respectively. For AA2014 the strain 
rate was varied between 0.032s-1 to 29.472s-1, with the temperature ranging from 
573K to 753K. For AA7075 the strain rate was varied between 0.008s-1 to 80.0s-1 
with the temperature ranging from 533K to 693K. Both sets of data are available in 
Appendix C. Tables 3.1 and 3.2 list the flow stress parameters for AA2014 and 
AA7075. Table 3.3 lists the chemical composition of the two alurniniurn alloys used 
in the experiments. 
Flow stress Parameters for AA2014 (SI units and MPa) 
pOwer UN-H KO 0.4995,8 = 2542.4019, m=0.1812 
CrH-S A= 2196.6737, m, = -0.00584, M3 =0.18103 
UZ-H A. H = 130195, n=3.4716, a=0.0283, InA = 21.3 8 
Table 3.1 AA2014 low stress parameters regressed from experimental data 
Flow stress Parameters for AA7075 (Sl units and MPa) 
pOwer CN-H KO 2.0564, fl = 2009.4698, m=0.1064 
OrH-S A= 2866.9973, m, = -0.005439 M3 =0.10642 
UZ-H A. H= 155136, n=6.4504, a=0.011, InA = 28.06 
Table 3.2 AA7075 low stress parameters regressed from experimental data 
Alloy Cu Mg Zn Mn Cr si 9 e Ti 
2014 3.900 0.470 0.020 0.780 - 0.780 0. 2 . 00 200 0.013 
7075 1.680 2.660 5.890 0.010 0.200 0.030 0.060 0.040 
Table 3.3 Chemical composition of AA2014 and AA7075 % wt (balance 
aluminium) 
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For each flow stress, the correlation coefficient between the calculated stresses and 
the experimental stresses was calculated. Figure 3.3 shows these coefficients for 
AA2014 and Figure 3.4 for AA7075. 
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Figure 3.3 Correlation coefficient for (a) Norton-Hoff power law, (b) Hansel-Spittel 
law and (c) Zener-Hollomon flow stress with A2014 
The correlation coefficient of the Zener-Hollomon function is nearly I for AA2014 
(see Figure 3.3c) and is just below 0.99 for AA7075 (see Figure 3.4c). The two other 
flow stress equations, Norton-Hoff and Hansel-Spittel, show a lower correlation 
coefficient against the experimental data from both alloys. 
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Figure 3.4 Correlation coefficient for (a) Norton-Hoff power law, (b) Hansel-Spittel 
law and (c) Zener-Hollomon flow stress with AA7075 
Norton-Hoff gives the lowest coefficients with R=0.9824 for AA2014 and R= 
0.9627 for AA7075 (see Figure 3.3a and Figure 3.4a). Therefore the Zener- 
Hollomon parameters, regressed from experimental data, can be seen to more 
accurately represent the hot deformation of aluminium. 
Figures 3.5 and 3.6 show the three flow stresses plotted against the temperature range 
(550K to 800K) at three different strain rates (C- = 5, E_ = 25 and e= 50) for both 
alloys. 
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Figure 3.5 Flow stresses versus temPerature for AA2014 at different strain rates: (a) 
e=5, (b) E=25 and (c) e=50 
In Figure 3.5 the differences between the flow stress equations for AA2014 are 
clearly seen. The Norton-Hoff and Hansel-Spittel equations overestimate the flow 
stress at the low temperature range (i. e. below 650K). Conversely at higher 
temperatures, the equations slightly underestimate the flow stress. These 
discrepancies increase with higher strain rates. For example, in Figure 3.5c, at 550K 
the Norton-Hoff and the Hansel-Spittel flow stresses are respectively 45% and 31% 
higher than the Zener-Hollomon flow stress. 
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Figure 3.6 Flow stresses versus temPerature for AA7075 at different strain rates: (a) 
5, (b) E- = 25 and (c) . 6- = 50 
In Figure 3.6 the differences between the flow stress equations for AA7075 are less 
obvious. One explanation could be that the flow stress parameters for AA7075 were 
derived from a better set of experimental data than for AA2014 (i. e. six different 
temperatures at six different strain rates). However the Norton-Hoff and Hansel- 
Spittel equations still overestimate the flow stress at low temperatures. For example, 
in Figure 3.6c, at 550K the Norton-Hoff and Hansel-Spittel flow stresses are both 9% 
higher than the Zener-Hollomon flow stress. Therefore, it seems that the Norton- 
Hoff and Hansel-Spittel flow stresses can significantly overestimate the flow stress in 
the lower temperature range. 
For FEM calculations the derivative of the flow stress against the strain rate is also 
used to compute the results (Kobayashi et al 1989, p 108-110). Equations (3.15), 
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(3.16) and (3.17) are derivatives against the strain rate, respectively, of the Norton- 
Hoff, Hansel-Spittel and Zener-Hollornon flow stresses. Details of the derivations 
are included in Appendix D. 
au power a power N-H M N-H (3.15) 
aCH-S UH-S 
- -3 (3.16) 
allZ-H_ (tanhallZ-H) 
11 (3.17) ac anc 
The derivatives of the three flow stress equations are plotted against the temperature 
range at three different strain rates in Figure 3.7 for AA2014 and in Figure 3.8 for 
AA7075. 
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Figure 3.7 Derivatives of the flow stresses versus temperature for AA2014 at 
different strain rates: (a) 6- = 5, (b) E- = 25 and (c) E- = 50 
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Figure 3.7 shows significant overestimation of the flow stress derivative by both the 
Norton-Hoff and Hansel-Spittel equations for temperatures ranging from 550K to 
approximately 700K. For example, in Figure 3.7c, at 550K the Norton-Hoff and the 
Hansel-Spittel derivatives are respectively 252% and 219% higher than the Zener- 
Hollomon derivatives. 
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Figure 3.8 Derivatives of the flow stresses versus temperature for AA7075 at 
different strain rates: (a) e=5, (b) C- = 25 and (c) E- = 50 
Figure 3.8 also shows a significant overestimation of the derivative by both the 
Norton-Hoff and Hansel-Spittel equations. However from approximately 650K these 
equations underestimate the derivative of the flow stress. For both alloys the Zener- 
Hollomon derivative stays relatively constant within the temperature range. This 
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was expected as the term (tanhau, -, 
) approaches I for high values of (auz-H 
Furthermore, studies have shown that aluminium, material is strain rate insensitive at 
room temperature. Therefore it is surprising to see a distinct variation for the 
derivatives of Norton-Hoff and Hansel-Spittel flow stresses when they are plotted 
against the temperature range. 
Due to the complex formulae involved in FEM it would be difficult to quantitatively 
evaluate the contribution of the derivative to the flow stress. Duan et al (2004a) 
simulated the extrusion of AA2024 with FEM. The calculated peak loads were 
underestimated by 1.8% with Zener-Hollomon and by 6.1% with Hansel-Spittel (or 
16.2% with a different source of parameters). 
It is evident that the Zener-Hollomon formulation is the most appropriate equation to 
represent the flow stress in hot extrusion of aluminium alloys using the FEM. 
However, for the same aluminiurn alloy, many different flow stress data can easily be 
found in the literature. The accuracy of the data depends on three major factors: (a) 
the type of heat treatment (homogenisation) for the testing samples, (b) the testing 
methods and (c) the person who conducts the experiments. It is therefore important 
to exercise caution in the selection of flow stress data before the start of any analysis. 
3.4 Discretisation 
Discretisation is a very important procedure in the simulation of extrusion. The 
deformations are severe and the part geometry can be complex. Furthermore, the 
number of re-meshing can be large and mesh regeneration creates some errors such 
as volume loss and smoothing of solution gradients. Thus special attention must be 
taken when choosing element type, mesh generation technique, mesh refinement and 
the re-meshing criterion. 
Chenot et al (1999) described the finite element discretisation used with Forge 2 and 
Forge 3 as follows. The velocity field, 
[y], for isoparametric elements is discretised 
with the use of the nodal velocity vectors, V,, , and shape 
functions, N,, : 
I Vn N,, 
n 
(3.18) 
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where ý is the local co-ordinate vector. 
defined by, IXI, and is written: 
XnNn 
n 
The mapping with the physical space is 
(3.19) 
The strain rate tensor, [-fl, is computed with the help of the B linear operator: 
lvnBn 
n 
(3.20) 
The pressure field, [p], is discretised in term of nodal pressure, P., with compatible 
shape functions, Mm: 
Ipl 
=1 Pm mm W 
m 
3.4.1 Element type 
(3.21) 
Conform extrusion is a three-dimensional process and is therefore not easily 
simulated by using equivalent two-dimensional substitute models such as plane strain 
or axisymmetric. However, with modem computing power it is not always efficient 
to run 3D analyses. Plane strain studies can produce useftil qualitative results of the 
Conform process as demonstrated in section 5.2.2 of this thesis. Axisymmetric 
elements are used for the FEM validation in section 4.2. 
The use of tetrahedral elements for complex geometries is widely used in the FEM 
community, especially for its convenience in automatic meshing and re-meshing. In 
Forge 3a mixed velocity pressure formulation is used for the elements. Thus the 
tetrahedral element comprises five nodes for the velocity from which four are 
interpolated for the pressure. Figure 3.9 represents the finite element interpolation in 
a tetrahedron. 
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Figure 3.9 Schematic of a finite element interpolation in a tetrahedron 
In Forge 2a seven node triangle with linear discontinuous pressure is used for both 
plane strain and axisymmetric analyses. 
3.4.2 Mesh generation 
Currently the most popular approaches for mesh generation are the Delaunay 
triangulation and the advancing front technique (Yang and Lee 1999). With the 
latter technique, also called the moving front method, the tetrahedral (or triangular) 
mesh is progressively generated by creating elements one by one. In this method an 
active frontal face is selected to define the position of the fourth node in order to 
create the best tetrahedron. This process is repeated until the whole volume is 
meshed. Although the advancing front technique generates very good quality 
meshes in terms of the element shapes, it requires a very large amount of 
computation time. Therefore this technique is unsuitable for the simulation of 
extrusion where a large amount of re-meshing is necessary. The Delaunay 
triangulation generates tetrahedral (or triangular) meshes for a given set of nodes 
according to the Delaunay criterion (Weatherill and Hassan 1994). In this method 
the mesh is first generated on the boundaries of the volume (or the surface) and 
nodes are then inserted incrementally inside the mesh. The tetrahedrons (or 
triangles) are redefined according to the Delaunay criterion. Generally this method is 
used with specialised algorithms which force or recover the surface triangulation to 
match the original geometry. This is known as the 'boundary constrained Delaunay 
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triangulation' (Weatherill and Hassan 1994). This is the preferred method for 
generating meshes for the workpiece in extrusion and consequently is the favoured 
method for the meshing of the feedstock in Conform extrusion. 
Two-dimensional mesh 
In this thesis 2D geometries (Conform and conventional extrusion) were modelled 
and meshed using Forge 2. The workpiece (or feedstock) was meshed with plane 
strain or axisymmetric triangular elements while the tooling was only meshed at the 
boundary using contact elements. This means that the tooling was considered rigid 
(i. e. not elastic). It is possible to simulate the deformation of the tooling during 
extrusion by meshing the internal surfaces. However, by doing so the computational 
time significantly increases. 
Three-dimensional mesh 
The 3D geometries (Conform and feeder plate) were modelled and meshed at the 
boundary using I-Deas (a CAD and FEA package). The surface meshes of the 
workpiece and tooling were then transferred to Forge 3. The software algorithm 
generated the internal mesh of the workpiece with tetrahedral elements and the 
surface meshes of the tooling with triangular elements. 
3.4.3 Mesh rerinement 
Different global mesh edge lengths were defined and applied to the deformable parts 
(billet or feedstock). Mesh edge lengths were locally adapted depending on the local 
curvature. Mesh size distributions were imposed during computation by using 'mesh 
boxes'. These boxes were fixed (i. e. they did not move with the material flow) and a 
local element length was defined within their surfaces (or volumes). 
As with every FEA, a fine mesh is required for those specific areas where accuracy is 
required. Therefore mesh boxes were implemented at die entries, die exits and 
sometimes at tooling boundaries. After several analyses, it was found that a 
minimum of four element edges should be used to define a fillet radius. It was also 
established that a minimum of 10 elements should be used to represent the extrudate 
thickness at the die land area. 
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3.4.4 Re-meshing 
Forge 2 and Forge 3 automatically re-mesh the workpiece (or feedstock) at a given 
frequency or if the mesh has been degenerated. A mesh is considered degenerated if 
either some of the elements become too distorted, or if the contact surface of the 
workpiece does not correspond accurately to the tool surfaces. The element 
distortion is measured by the quality parameter, Q, in terms of the relative Jacobian 
between the reference element (with Q= 1) and the distorted element. The time 
required to compute the numerical equations is highly dependant on the quality of the 
mesh. Coupez (1994) suggested that a good strategy with Forge 2 and Forge 3 is to 
re-mesh as often as possible. However a good quality mesh is costly in terms of 
computational time and power. Therefore, to perform an efficient analysis, a 
compromise must be obtained between the degree of discretisation (i. e. use of mesh 
boxes), the frequency of re-meshing, the computing power and time available. 
3.5 Contact conditions and friction models 
3.5.1 Contact conditions 
In the analyses used for this thesis the tools were considered rigid, i. e. non 
deformable. The interior of the tools were not meshed and only the boundary 
surfaces were discretised. The number of equations to be solved simultaneously was 
therefore greatly reduced. In Forge 2 and Forge 3 the mesh of the workpiece is 
updated at every step of re-meshing. The midpoint of each element boundary edge is 
tested. If a midpoint is found inside the tools then a node is created and the element 
is divided into two elements. Every node found inside the tools is projected onto the 
surface of contact by an impenetrability algorithm. Figure 3.10 illustrates this 
contact condition. 
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Figure 3.10 (a) Midpoint penetration and (b) impenetrability algorithm 
3.5.2 Friction model 
Friction between the workpiece and the surface of the tooling is initiated as soon as 
contact is established between the two parts. There are three friction laws available 
with the software: Coulombfriction law, Trescaftiction law and Viscoplasticftiction 
law. Velay et al (2003) derived the friction coefficients for the three laws by 
comparing the computed peak load obtained from virtual extrusion with the 
experimental values measured by Subramaniyan (1989, p. 220-231). It was found 
that the so-called Coulombftiction law was one of the most suitable friction laws for 
aluminium extrusion. This name is misleading however as this law is not a true 
Coulomb friction, as shown by the definition in Chapter 2. This law limits the 
friction to a maximum value after a fraction of the normal stress, UN is reached. 
node 
creation 
node projection to 
contact surface 
(b) 
The friction stress, TF ý is defined as follows: 
TF =, "07 
n 
'f 
TF Ma3 if 
- 
07 
0 
P(TN <M [3- 
- 
07 
0 
PUN ý: MV -3 
(3.22) 
where uO is the von Mises stress, p the friction coefficient and m- is the Tresca 
friction coefficient. The derived coefficients from Velay et al's study were p=0.1 
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and m- = 0.9. Figure 3.11 illustrates this friction law against the value of the normal 
stress. 
TF 
- 
co 
m 
V3- 
Figure 3.11 Coulomb friction law limited Tresca 
3.6 Heat transfer 
Every element is subjected to internal heat conduction and dissipation under the 
constraints defined on the boundary in terms of heat transfer (conduction, convection 
and radiation) or imposed temperature. This heat balance is represented by the 
following equation: 
PAICp(Al) 
ff 
-": (Dc + Or + (Dfr + (Dcs, + 0, at 
(3.23) 
where PAI is the aluminium density, Cp(Al) is the specific heat of aluminium, T is the 
temperature of the workpiece and t the time. Od is the heat generation rate (also 
called the internal dissipation) due to deformation per unit of volume and is 
described in equation (2.25). (D, is the conduction and convection flux, (D, is the 
radiation flux, (D. is the friction dissipation flux, and a),,, is the constant flux. 
Details of the different fluxes are described below according to Chenot et al (1999) 
and Transvalor (2004a and 2004b). 
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The conduction and convection flux, (D, combines the rate of heat transfer due to 
both conduction and convection as defined previously in equations (2.32) and (2.33). 
This flux is written as follows: 
(Dc = h(T -TO) (3.24) 
where h is the global transfer coefficient for conduction and convection and To the 
tooling temperature. 
The radiation fluxq (Dr affects the boundary of the mesh and is written: 
(T4 4 Or = UrCr 
Ta'mb (3.25) 
where ar is the Stefan-Boltzman-n constant (ar: -- 5.6705 1.10-8WM-2 K -4), Cr is the 
material emissivity and T,,, b is the ambient temperature. An ambient temperature of 
50*C was set for all of the analyses in this thesis. 
The friction dissipation flux, (Dfr ý at frictional interfaces is shared between the 
workpiece and the tooling with fluxes relative to their respective effusivity: bA, and 
bTool 
, This flux is written as follows: 
bAl 
-aK(AV) P+l bAl 
-bTool 
(3.26) 
where a is a friction coefficient, K is the consistency, AV is the relative velocity 
between the material and the tool, and p is the sensitivity to the sliding velocity. The 
effusivity b, from a material i is calculated as follows: 
J-, -pC 
p (, ) 
(3.27) 
where k, 9 p, and 
Cp(, ) are the thermal conductivity, density and specific heat of the 
material i respectively. 
93 
The constant flux, Ocst ý is a function of the global transfer coefficients with the air 
and the tooling. 
3.7 Prediction of substructure and properties 
Subgrain size has significant influence on the strength and ductility of metals. 
Modelling of subgrain size evolution is essential for the detailed understanding and 
control of mechanical properties. In this thesis, the evolutions of microstructure 
during the hot extrusion of a rod, T-shaped and semi-closed sections were predicted. 
The empirical and physical equations and FE models are detailed in Chapter 5 
together with the presentation and discussion of the results. 
3.8 Parallel processing 
Most of the three- dimensional analyses presented in this thesis were computed with 
two processors in parallel. Forge 3 code is parallelised following a Single Program 
Multiple Data (SPMD) concept (Coupez et al 1996). This efficient strategy consists 
of running compete versions of the code on each processor, thus requiring only a few 
changes of the initial serial versions of the relatively complex codes. The mesh of 
the workpiece is divided into sub-domains. Each processor runs a simulation on one 
sub-domain and its associated set of meshed tools. The re-meshing is performed 
independently on each sub-domain, whilst also preserving the interfaces. 
Periodically a parallel repartitioning of the whole domain is activated to transfer the 
load and to re-mesh the interface. In this way the loading is optimised and each 
processor shares relatively the same amount of elements. Figure 3.12 has been 
derived from results obtained by Coupez et al (1996) and demonstrates the efficiency 
of parallel re-meshing and repartitioning of Forge 3 with several processors. 
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Figure 3.12 Efficiency of parallel re-meshing and repartitioning 
As the figure shows, parallel processing speeds up calculations. However, it is clear 
that increasing the number of processors quickly reduces the efficiency of the 
analyses. 
3.9 Data file 
At the start of every simulation the software Forge 2 and Forge 3 read a formatted 
file with specific syntax (the data file). This file comprises a series of modules each 
defining the different features of the software required for a successful analysis. 
Keywords and numerical values are the input parameters for the modules. Forge 2 
uses up to 17 different modules while Forge 3 uses up to 18 modules. Details of the 
modules and their variables can be found in the user guides of the respective 
software (Transvalor 2004a and 2004b). A copy of the data file created for the 
simulation of the Conform process (see Chapter 4) is included in Appendix E. The 
main modules used for the simulations in this thesis are as follows: 
- The Units module - This defines the system of units for computation. The 
key word 'mm-MPa-mmIgY was used. Length terms were defined in 
millimetres, stress and pressure terms in MPa, thermal quantities in mm. kg. s 
and the temperature in degrees Celsius. 
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- The Rheology module - This is a very important module as it contains all of 
the data used for defining the thermo-mechanical characteristics of the 
workpiece (except for the initial temperature of the material). The contact 
conditions (friction and thermal exchange) between the different tools and the 
material as well as the parameters for the Zener-Hollomon flow stress have 
also been defined in this module. 
- The Increment module - This imposes an average strain value for one 
increment. The average strain increment of 1% corresponds to a precise 
calculation and was the default value used. 
- The Thermique module - This activates the thermal computations between 
both the workpiece and tooling, and workpiece and air. 
- The Cinemat-out module - This defines the kinematics of the different tools. 
- The Boite module - This defines the mesh boxes in terms of kinematics 
(fixed or attached to a die), geometry (cylindrical or cuboidal), and size of the 
elements inside. 
- The Mauto module - This controls the frequency of the re-meshing of the 
workpiece. 
3.10 FEM validations 
Forge 2 and Forge 3 have been validated both quantitatively and qualitatively for hot 
aluminiurn extrusion by several authors. Examples of this can be seen in the work of 
Flitta and Sheppard (2000), Duan and Sheppard (2003), and Velay et al (2003). 
Extracts from Velay et al's work are presented in Chapter four. In that study, Velay 
et al simulated both the peak load and the material flow in the extrusion of AA5456. 
3.11 Concluding remarks 
In this chapter various results and discussions on different aspects of the simulation 
of aluminium. extrusion with Forge 2 and Forge 3 software were presented. A 
number of conclusions can be drawn based on the results and discussions. 
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- The Lagrangian form is the most appropriate formulation to simulate 
Conform extrusion. However, this formulation is only efficient if it is run 
together with an automatic re-meshing algorithm on powerful computers. 
- The Zener-Hollomon formulation is the most accurate equation to represent 
the flow stress in hot extrusion of aluminium alloys using FEM. However, 
caution must be exercised in the selection of flow stress data before the start 
of any analysis. 
- The 'boundary constrained Delaunay triangulation' is the preferred method 
for generating tetrahedral meshes for complex shapes both in 2D and 3D, and 
consequently is the favoured method for the meshing of the feedstock in 
Conform extrusion. 
- Adequate mesh refinement is critical for the efficiency and accuracy of the 
FE analyses. Therefore the use of 'mesh boxes' for areas of interest (e. g. 
abutment area and die land) and fillet comers (e. g. die entry) is critical for the 
simulation of Conform extrusion. 
- Re-meshing must be triggered as often as possible. Although re-meshing is 
time consuming, calculating a numerical solution from a poor quality mesh is 
also time consuming. The right balance between the frequency of re-meshing 
and the quality of the mesh cannot be quantified efficiently and therefore 
experience of simulating the Conform process will give an informed 
judgement. 
- The Coulomb ftiction law, which limits the friction to a maximum value after 
a fraction of the normal stress is reached, is one of the most suitable friction 
laws for the simulation of aluminiurn extrusion using Forge 2 and Forge 3. 
- The Forge 3 code is very suitable for parallel computing. The loading is 
constantly optimised and each processor shares relatively the same amount of 
elements. 
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4 Thermo-mechanical simulation of Conform 
4.1 Introduction 
FEM will always produce a solution, however the user must ensure that these results 
are accurate or at least represent real phenomenon. In this chapter the FEM code is 
validated by comparing simulated results against experimental work. Of necessity 
these experiments were taken from work on normal extrusion. The use of scaling 
(i. e. the use of a smaller workpiece) was investigated in order to reduce the amount 
of finite element necessary for an analysis. The influence of the coining roll on the 
feedstock was also studied. Finally, two simulations of Conform extrusion were 
performed in 3D, one without the production of flash (ideal case) and the other with 
the flash (industrial case). These results were then compared with experimental 
work. 
4.2 FEM validation 
In this section, Velay et al (2003) simulated both the peak load and the material flow 
in the normal extrusion of AA5456 in order to validate the FE software. 
4.2.1 Experimental results 
The following experiments were performed by Tutcher (1979, p. 225-235) and were 
reported in Sheppard et al (1979). The initial billet length was 100mm with a 
diameter of 73mm. The container diameter was 75mm. A flat-faced die with a land 
length of 5mm was used. The extrusion ratio was 40: 1. The initial billet temperature 
was 723K. The container, pressure pad and die temperatures were 573K. A constant 
rain speed of l3mm. s_1 was used throughout the complete extrusion process. The 
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measured peak load was 3.94MN. Figure 4.1 shows the load-displacement locus 
together with the location of sampling positions for the structural development. 
5 
r 
2X 
Figure 4.1 Load-displacement locus with sampling positions for macrostructure 
(Sheppard et al 1979) 
Figure 4.2 shows the macrostructure and flow pattern of the aluminium in the billet 
and the extrudate at locations I to 6. Figure 4.2a shows the billet during the upset 
stage. The macrostructure does not change except in the region adjacent to the die 
entrance where some deformation starts to occur. Figure 4.2b shows the 
macrostructure of the billet at a latter stage in the upsetting process. The deformation 
zone adjacent to the die entry is increasing and the grains in this zone are becoming 
elongated. The grain structure at the periphery of the billet suggests that 
container/billet shear is occurring due to friction. There is little difference between 
Figures 4.2b and 4.2c in terms of bulk structure and no dead metal zone is apparent. 
However as the pressure significantly increases, the deformation zone extends back 
into the billet, and shearing at the periphery is more pronounced. Although the 
macrostructure is relatively similar in Figure 4.2d, the extrudate displays a distinct 
fibrous structure which confirms the increase of deformation. Figure 4.2e, 
corresponding to location 5 in Figure 4.1, displays the macrostructure at the point of 
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peak pressure. At this point significant changes are apparent. The fibrous structure 
of the extrudate extends inside the billet and commences to define the boundaries of 
the dead metal zones. Furthermore, the layer of material at the periphery of the billet 
is heavily deformed whilst the material adjacent to the surface of the die plane is far 
less deformed. This suggests that dead metal zones will form in this area. Finally, a 
considerable length of material has been extruded and this indicates that the peak 
pressure does not correspond to the commencement of extrusion. Figure 4.2f shows 
the macrostructure when the pressure has fallen significantly after the peak pressure 
and considerable ram travel has occurred as shown in location 6 (Figure 4.1). This 
location indicates the beginning of the steady state stage. The dead metal zones are 
clearly identified as well as three regions of intense deformation: the central region 
and two regions of lesser deformation on either side. More details about the flow 
pattern during the steady state stage are discussed in section 4.3.2. 
(a) 
(d) 
(b) 
(e) 
(c) 
(f) 
Figure 4.2 Development of macrostructure and flow pattern at (a) location 1, (b) 
location 2, (c) location 3, (d) location 4, (e) location 5, (f) location 6 (Sheppard et al 
1979) 
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4.2.2 FEM results 
The experimental variables (geometry, initial temperature and ram velocity) were 
used as input for the simulation with Forge 2. The billet was meshed using 
axisymmetric elements. A fine mesh was applied at the contact interfaces, i. e. the 
billet-ram, billet-container and billet-die interfaces (see Figure 4.3). 
ram 
fine mesh container 
axis of 
die symmetr 
o V 
Figure 4.3 Axisymmetric FE model with mesh refinement 
The load on the surface of the ram (i. e. the extr-usion load) was calculated. Figure 
4.4 shows the extrusion load versus the time from the beginning of the extrusion to 
the start of steady-state. Four points (A, B, C and D) have been marked on the locus 
of the curve. These points indicate the sampling positions for the flow patterns. 
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Figure 4.4 Extrusion load versus time 
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The load curve has been discussed in research papers as a result of both experimental 
observation (Sheppard et al 1979) and finite element analysis (Flitta and Sheppard 
2003). The calculated peak load was 3.7MN and therefore the relative error 
compared with the measured peak load 3.94MN is around 6%. This is an acceptable 
percentage of error considering the relative accuracy of experimental measurements, 
flow stress data and, perhaps of greater importance, the friction coefficient values. 
Figure 4.5 shows the material flow patterns at position A, B, C and D. The square 
grids do not represent elements. They are marking grids which deform and distort to 
represent material deformation. 
(a) (b) (c) (d) 
Figure 4.5 Development of material flow pattern at (a) location A, (b) location B, 
(c) location C and (d) location D 
Table 4.1 lists the corresponding figures of the different sampling locations for both 
the experiments and the FE analyses. 
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Experiments FE analyses 
Sampling 
locations 
(Figure 4.1) 
Flow pattern 
Sampling 
locations 
(Figure 4.4) 
Flow pattern 
- A Figure 4.5a 
1 Figure 4.2a B Figure 4.5b 
2 Figure 4.2b 
3 Figure 4.2c C Figure 4.5c 
4 Figure 4.2d 
5 Figure 4.2e D Figure 4.5d 
6 Figure 4.2f 
7 
Table 4.1 List of sampling locations and figures 
Figure 4.5a shows the material deformation towards the end of the upsetting stage. 
Figure 4.5b illustrates the material flow at location I (shown in Figure 4.2a). At this 
stage the extrusion load starts to rise sharply. Material deformation can be detected 
at the die entry and, due to the billet-container friction, shearing at the billet 
periphery is also visible. Figure 4-5c shows the flow pattern at location 3 and it is 
similar to the experimental results shown in figure 4.2c. This illustrates the material 
flow just before the peak load where grains become significantly elongated in the 
deformation zone adjacent to the die entrance. Figure 4.5d displays the material flow 
at the point of peak pressure, i. e. location 5 (shown in Figure 4.2e). At this point, the 
grid pattern near the die entrance takes on a fused appearance due to the high shear 
deformation occurring. A significant amount of material has been extruded. 
Significant shear deformations can be seen at the container boundary, whilst less 
severe defon-nations are present at the surface close to the die plane. This suggests 
that the dead metal zone will form in this area. 
Figure 4.6 compares the macrograph at location 3 (shown in Figure 4.2c) against the 
flow pattern at position C (shown in Figure 4.5c). As mentioned previously, this 
illustrates the material flow just before the peak load where grains become 
significantly elongated in the deformation zone adjacent to the die entrance. These 
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elongations can be clearly seen on the grid pattern. Furthermore, the grid pattern 
also accurately represents the relatively undeformed grains at the tip of the extrudate. 
The grid provides an almost mirror image of the experimental results. 
Figure 4.6 Macrograph at location 3 and flow pattem at position C 
The results demonstrate that FEM can accurately simulate the velocity field and 
pressure distribution for the hot extrusion of aluminium. Consequently the 
temperature, strain and strain rate can be correctly calculated. This is important 
when the results surrounding the nodal point are extracted to predict the 
microstructure of the extrudate and eventually its material properties. 
4.3 Scaling 
The main objective of this section of the thesis was to study whether scaling would 
be useful for reducing computation time in numerical simulations. This study was 
conducted in conjunction with Zhi Peng (Peng et al 2004) and the author recognises 
the significant contribution made by his co-worker. 
4.3.1 Simulation set-up 
Two simulations of a rod extrusion were set-up using Forge 2. The full scale model 
was based on experiments performed by Veirod (1983, p. 196-198). The material 
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used was AA2014. The initial billet length was 95mm with a diameter of 73mm. 
The container diameter was 75mm. The extrusion ratio was 20: 1. The initial billet 
temperature was 623K. The temperature for the container, Pressure pad and die was 
573K. A constant ram speed of 12.4mm. s-1 was used throughout the whole extrusion 
process. 
The scaled model used the same boundary conditions (initial temperatures, ram 
speed and friction coefficients) but the billet was 2.5 times smaller in terms of 
diameter and height. The die exit diameter was adjusted in the scaled model in order 
to keep the same extrusion ratio as the full scale one. 
4.3.2 Results and discussion 
Results such as flow pattern, temperature and strain rate distributions, and sub grain 
sizes were compared against the experimental data and between the two different 
FEM models. The computational time for the full scale model was approximately 25 
hours and approximately 15 hours for the scaled model. This reduction of time was 
expected due to the reduction in the number of elements in the model. 
Flow patterns 
A reference grid pattern, similar to the one shown in Figure 4.5a was adopted to 
study the material flow pattern. The simulated flow patterns for both rod extrusions 
are shown in Figures 4.7 and 4.8 for the different positions of the ram. Although the 
billet sizes differ in these two runs, both flow patterns are similar after the beginning 
of extrusion. Due to the increase in deformation as the metal approaches the die, 
parts of the grid pattern are indiscernible (Figures 4.7b-d and 4.8b-d). This 
deformation can be displayed more clearly by using a contour plot of the equivalent 
strain as shown in Figure 4.8e. This figure shows the maximum strain at the die 
entrance and highlights the different regions of deformation. 
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(a) (b) (c) (d) 
Figure 4.7 (a), (b), (c) and (d) flow patterns for the full model 
(a) (b) (c) (d) 
Ul 
0.000 
(e) 
Figure 4.8 (a), (b), (c) and (d) flow patterns and (e) equivalent strain for the scaled 
model 
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The different deformation areas, simulated by FEM, correspond well with the 
experimental results. For example, in Figure 4.9 the flow patterns for both simulated 
extrusions and the corresponding macrograph from the experiments are compared. 
deformation 
zones 
dead metal 
zones 
buffer zones 
Figure 4.9 Flow pattems for the (a) full model, (b) scaled model and (c) 
experimental billet 
At this stage the extrusion reaches steady state and four distinctive zones can be 
identified both with the macrograph and the grid patterns. Two zones of significant 
shear are shown. These zones extend from the die entry and along the central axis 
and from the die entry to the periphery of the billet. The latter region of deformation 
clearly delimits the dead metal zone. The fourth zone is sandwiched between the 
regions of significant deformation. It is a buffer zone which serves primarily to 
supply material to the region of high deformation. Sheppard et al (1979) observed 
that material flowing from the peripheral region of the billet can be seen to occupy 
about 35% of the extrudate cross-section whilst material from the axial deformation 
zone occupies about 55%. This implies that the buffer zone only feeds 
approximately 10% of the material into the extrudate. If the buffer zone was not 
primarily feeding the intense shear zones, then vortices would form within the 
deformation zone due to flow imbalance. This can occur when the dummy block 
destroys the mass balance of the various deformation zones. 
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Strain rate 
Figure 4.10 shows the distribution of the strain rate for (a) the full model and (b) the 
scaled model at the same relative position of the ram. The distributions are 
significantly different and therefore the average strain rates would also be different. 
The average strain rate can be calculated by the equation (2.6) derived from the 
upper bound solution and described in chapter 2. The parameters for the equations 
are defined in Appendix F (Table F. 5). The calculated average strain rate for the full 
II model is 5.6s- whilst for the scaled model it is 14.4s- . This correlates with the fact 
that the area of high strain rate in Figure 4.10 is larger with the scaled model than the 
full model. 
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(a) (b) 
Figure 4.10 Distribution of strain rate for (a) the full model and (b) the scaled model 
Temperature 
The temperature evolution was recorded at two specific points near the die entrance. 
The first point was at the centre of the extrudate and the second point at the surface 
of the extrudate just after leaving the die land. Figures 4.11 and 4.12 show the 
temperature evolution versus time at both points for the full and the scaled models 
respectively. In both figures the temperature at the centre increases rapidly towards 
the end of the extrusion. This is due to the fact that the simulations were carried out 
to the end of the billet length contrary to industrial extrusions where normally the 
ram is stopped after about 90% of the billet length is extruded. 
represent this. 
The dotted lines 
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Figure 4.11 Temperature evolution ('C) versus time for the full model 
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Figure 4.12 Temperature evolution ('C) versus time for the scaled model 
The predicted temperatures for the full model correlate relatively well with the 
temperatures calculated from the experimental data. This latter set of temperatures 
was derived using the integral profile approach. However, two major differences are 
found between the two FEM models: the maximum extrusion temperature and the 
temperature gradient between the centre and the surface of the extrudate. The 
maximum temperature of the extrudate for the full model is 475'C compared to 
466'C for the scaled model. When the extrusions reach steady state, a relatively 
constant temperature gradient is observed between the surface and the centre of the 
extrudate as shown in Figures 4.11 and 4.12. However, this gradient is much higher 
with the full model (43'C) than the scaled model (19'C). Such differences were 
expected. It is well known that the exit temperature depends on the initial billet 
temperature, the magnitude of the work carried out during extrusion, and how this is 
divided between the work needed to overcome friction, and the heat losses to the 
tooling (Sheppard 1999b). 
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Subgrain size 
The subgrain sizes in the extrudate are reasonably well predicted by the full model. 
However, the scaled model gives deviant results compared with the experimental 
data. Material structure such as subgrain size is closely associated to the strain rate 
and the temperature. Due to the fact that these two variables were not predicted 
correctly by the scaled model, it follows that the subgrain sizes would also be 
incorrectly predicted by the use of scaling. 
Although scaled models can save a significant amount of computation time and still 
provide qualitative information for flow patterns, they are unsuitable for the 
simulation of extrusion. To ensure accurate results and interpretation, the model and 
the real process must be similar. For metalworking processes the following 
important similarity conditions must be created: geometrical, plastic, frictional, 
thermal, elastic and dynamic. The fulfilment of all of these conditions is practically 
impossible. In most cases, the first four conditions are the most important, although 
they are also perhaps the hardest to fulfil. Therefore, it is essential to determine and 
select which material properties and process parameters are the most relevant for the 
purpose of the experiment. In the case of extrusion, in which temperature rise is 
significant and strain rate is quite high, more important factors in addition to the 
material flow need to be considered, for example, the structure evolution. During the 
extrusion process, the press load, temperature rise, surface quality and extrudate 
mechanical properties are the most important factors to be considered. If any 
simulation is applied in extrusion, it has to be effective in predicting all of the above 
factors. Therefore scaling is not suitable for the study of extrusion and consequently 
for Conform extrusion where temperature and friction play a major role in the 
process. It is clear that this major problem will require a solution. An obvious 
possibility is to introduce a scaling factor as a function of velocity, temperature or 
both. 
4.4 Temperature evolution of the feedstock in the groove 
Once the feedstock arrives near the groove of the wheel it is rolled inside the groove 
by the coining roll. The objective of this process is to create enough friction between 
the groove wall and the defonned feedstock to initiate the upset zone. This section 
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of the thesis studies the heat transfer between the feedstock, the wheel, the coining 
roll and the surrounding air during the coining process until the point when the 
feedstock reaches the upset zone. 
4.4.1 Simulation set up 
The study was divided into two stages. The first stage simulated the coining of the 
feedstock (by moving the coining roll into the groove), the heat generation due to 
defonnation and the heat transfer between all the parts (see Figure G. 2 in Appendix 
G). The second stage simulated the heat transfer between the coined feedstock and 
the wheel over the griping zone (see Figure A. 1 in Appendix A). The simulations 
used plane strain elements for efficiency purposes. In order to accurately simulate 
the heat transfer the tools such as the wheel and the coining roll were modelled using 
deformable dies. This means that the inside of the tools were meshed together with 
the elastic and thermal properties of tool steel (H13). The dimensions of the tooling, 
initial temperatures and process variables necessary for the simulations were taken 
from information provided by Holton Machinery (designer and manufacturer of 
Conform machines). The temperature of the air inside the groove was calculated by 
using heat transfer theories (see details in Appendix G). The geometrical parameters 
are listed in Table 4.2 and the initial temperatures and process variables are listed in 
Table 4.3. 
Description Value 
outer diameter of the wheel 298mm 
inner diameter of the wheel 142mm 
wheel thickness 75mm 
wheel groove height 13.3mm 
wheel groove thickness 10.5mm 
wheel groovefillet corner 4mm 
outer diameter of the roll 132mm 
diameter of thefeedstock 9.5mm 
Table 4.2 Tool imensions 
III 
Description Value 
initial temperature of the wheel 384 9C 
initial temperature of the coining roll 50 OC 
initial temperature of thefeedstock 209C 
temperature of the air 110 OC 
angular velocity of the wheel 20rpm 
angular velocity of the coining roll 43.36rpm 
Table 4.3 Initial temperatures and process variables 
Figure 4.13 shows the feedstock, both deformable tools (coining roll and wheel) and 
the two rigid tools. The lower rigid tool supported the wheel and the upper rigid tool 
drove the coining roll downwards. The material used for the feedstock was AA6063 
and was modelled with the Hansel-Spittel formulation regressed from cold data (i. e. 
between 20'C and 250'C). A high Tresca coefficient of friction (0.9) was applied 
between the feedstock and the wheel groove. However a lower Tresca coefficient of 
friction (0.6) was defined between the feedstock and the coining roll. This simulated 
the rolling action of the coining roll. A relatively fine mesh was used near the 
contact surfaces. 
upper rigid tool 
coining roll 
feedstock 
wheel 
lower rigid tool 
Figure 4.13 Plane strain model of the wheel, coining roll and feedstock 
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A theoretical value was calculated for the vertical displacement of the coining roll. 
This value is important as it defines the amount of deformation of the feedstock 
which subsequently deten-nines the amount of contact between the feedstock and the 
groove. Consequently this defines the minimum initial grip length and the 
recommended position of the coining roll relative to the abutment. In practical terms 
it is convenient to design the coining roll assembly at a fixed point on the Conform 
machine. A 2.1 mm displacement of the coining roll was enough to deform most of 
the feedstock at the bottom of the groove. Geometrical calculations (described in 
Appendix G) predicted that a rotation of approximately 10.23' would be sufficient to 
roll the feedstock from 9.5mm to 7.4mm. The coining roll rotated at 43.36rpm, thus 
an angular displacement of 10.23' was achieved in approximately 0.04s. Therefore, 
the feedstock reduction in height of 2.1mm in 0.04s corresponded to a ram speed of 
53.4mms-1. 
The initial grip length detennined the amount of time that the deformed feedstock 
was left inside the groove and therefore the amount of heat transfer from the wheel to 
the feedstock. After the coining simulation, part of the feedstock was in contact with 
the two parallel surfaces of the groove. The width of that contact was measured at 
the last increment of the coining simulation. The value was 2.5mm on each side of 
the groove. The angle of the grip zone was then calculated by using equation (A. 19) 
from Appendix A. With a high coefficient of friction (i. e. 0.9) an angle of 10.21' 
was calculated. This corresponded to an initial grip length of 25.2mm inside the 
groove. The angular velocity of the wheel was 20rpm. Therefore, before entering 
the upset zone, only 25.2mm of grip length would have stayed in contact with the 
groove for approximately 0.09s. However, such a small grip length would be 
impractical for the positioning of the coining roll assembly as this could interfere 
with the shoe assembly. A more realistic initial grip length would be one which 
could spread over 451 of the wheel groove. This would mean that the deformed 
feedstock would stay 0.38s in contact with the wheel. Therefore a transient thermal 
analysis between the deformed feedstock and the wheel was performed over 0.38s in 
order to estimate the average temperature of the feedstock entering the upset zone. 
This second simulation used the same parts as shown in Figure 4.13 for the 
feedstock, the wheel (deformable tool) and the lower rigid tool. 
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4.4.2 Results 
4.4.2.1 Heat transfer due to coining 
Figure 4.14 shows the temperature evolution inside the feedstock due to plastic 
deformation and heat transfer between the wheel, the feedstock, the coining roll and 
the ambient air. The scale is for Figure 4.14d only. The h values define the height of 
the coining roll. At h=2.1 mm (Figure 4.14d), the coining process is finished and 
the feedstock reaches a maximum temperature of 41.2'C at the surface adjacent to 
the coining roll and a minimum temperature of 23.3'C at the surfaces adjacent to the 
fillet comers of the groove. 
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Figure 4.14 Temperature evolution of the feedstock at (a) h=0, (b) h=1, (c) h= 
1.5 and (d) h=2.1 
As shown in Figure 4.14d two small gaps are present at the end of the coining 
process. These gaps are relatively small and represent a total surface of 1.05 MM2. In 
order to fill the gaps a coining roll with a width of 10.5mm would need to be moved 
by O. Imm. The control over such a value would require an advanced and expensive 
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(d) h=2.1 
design for the coining roll. Furthermore, if the coining roll is pushed too far inside 
the groove there is a risk of back-extrusion of the feedstock, which could generate 
oxides on its new surfaces. Therefore it was decided that these small gaps could 
remain for the future simulations. 
The temperature increase of 21.2'C (i. e. 41.2'C - 20'C) is mainly due to the heat 
generated by plastic deformation whilst the temperature increase of 3.3'C at the 
groove comers is principally due to heat conduction. This reasoning is reinforced by 
Figure 4.15 which shows a logarithmic distribution of the temperature from 23.3'C 
to 40.0'C (Figure 4.15a) and the strain distribution (Figure 4.15b) for h=2.1. The 
areas of relatively high strain match the areas of large temperature gradients. 
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Figure 4.15 (a) Temperature distribution and (b) strain distribution inside the 
feedstock 
4.4.2.2 Heat transfer in the initial grip zone 
Figure 4.16 shows the temperature evolution inside the feedstock due to heat transfer 
between the wheel, the feedstock and the ambient air. The t values define the time 
the feedstock stays in contact with the groove before entering the upset zone. At t= 
0.38s (Figure 4.16d), the feedstock enters the upset zone with temperatures varying 
from 162.8'C at the top of the feedstock to 230.5'C at the surfaces adjacent to the 
fillet comers of the groove. The top surface of the feedstock is cooled by convection 
from the ambient air whilst the bottom part of the feedstock is rapidly heated by 
conduction from the wheel. 
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Figure 4.16 Temperature evolution of the feedstock at (a) t=0, (b) t=0.12, (c) t= 
0.24 and (d) t=0.38 
4.4.3 Discussion 
These simulations demonstrate that the heat generated by plastic deformation during 
coining is insignificant compared to the heat transfer from the wheel to the feedstock 
inside the initial grip length. The study of the temperature evolution within the upset 
zone requires the use of 3D simulations as shown in Section 4.6. The Conform user 
would have several ways to control the temperature of the extrudate. An increase of 
initial grip length would increase the rate of heat transfer to the feedstock and 
potentially the temperature of the extrudate. However, as mentioned before, it is 
impractical to vary the position of the coining roll. An increase in the wheel velocity 
would increase the rate of deformation and therefore increase the extrudate 
temperature. However, such an increase in velocity would also decrease the time 
that the feedstock stays in contact with the wheel and this would therefore 
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significantly reduce the amount of heat transfer. The same reasoning is inversely 
applicable for any decrease in wheel velocity. Therefore, the user must find the right 
balance between the velocity of the wheel, the initial grip length and the cooling of 
the wheel. 
4.5 Experimental work 
The experimental work for the simulation of Conform extrusion was carried out by 
Norman Carr under the supervision of Dr Mike Clode from King's College London. 
The experiments were conducted using the facilities of Holton Machinery. This 
work comprised a comprehensive series of extrusions (similar to Conform) which 
included different dies, velocities, tooling and feedstock temperatures. Some 
geometrical assumptions were made for the experimental work. A straight linear 
groove was used to simulate the wheel. The groove had a rectangular cross section 
(22x25mm) and no fillets were present at the bottom of the groove. The feedstock 
was 430mm long with a rectangular cross section (2lx22mm) and was driven 
towards the abutment by a ram at different velocities. Flashes occurred during the 
experiments. The extrudate had three different circular cross sections. Several 
process variables were also recorded before, during and after each extrusion. The 
variables listed in Table 4.4 describe one of Carr's experimental extrusions. The 
author's simulation of this extrusion is presented later in the proceeding section. 
Variable Value 
Diameter of die orifice 12mm 
Steady state velocity of the groove 1.95mms 
Initial abutment temperature, initial feedstock temperature 478'C, 414'C 
Stroke (stroke prior to extrudate formation) 194mm (3mm) 
Stroke required to achieve steady state 102mm 
Temperature rise at the abutment during the stroke JOOC 
Temperature rise at the die during the stroke 150C 
Steady state velocity of the extrudate 6.2mms-' 
Length of the upset II Own 
Force on the ram at steady state 129.1kN 
Table 4.4 Process variables from one of the experimental work. 
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4.6 3D thermo-mechanical models 
Three dimensional analyses using Forge 3 were carried out to simulate Carr's 
extrusion. The simulations highlighted best practice for efficiently modelling 
Conform in 3D and included the degree of mesh refinement, boundary conditions 
and the modelling of different tools. The influence of the flash in Conform extrusion 
was also studied. The analyses were performed on a PC with dual processors 
(1.8GHz) and 2Gbytes of memory operating on a beta version of Windows XP 64 
bits. Version 6.3a of the software Forge 3 was used. 
4.6.1 The ghost die 
Initially the simulation comprised only the necessary tools to represent the 
experiments: i. e. the groove/ram, the shoe, the abutment, and the die (Figure 4.17). 
In this figure two superimposed surfaces can be seen with the abutment. It is good 
practice in Forge 3 for the tools to interlock with each other in order to create a 
perfect fit. This technique is particularly important between fixed and moving tools 
such as the abutment (fixed) and the ram (moving). 
70 die 
abutment 
superimposed 
surfaces 
Figure 4.17 Tools with the initial Conform simulation 
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Unfortunately with this set-up the extrudate bent significantly upwards as shown in 
Figure 4.18. Eventually this extrudate would curl back towards the tooling. 
Figure 4.18 Extruclate with the initial Confonn simulation 
There are two explanations for this phenomenon to occur: the velocity differential 
near the die entry and the velocity profile at the die exit. 
Velocity differential near the die entry 
In Conform, due to the high pressure adjacent to the abutment, the velocity at the 
lower area of the die entry is always higher than the one at the upper area. The 
velocity field of Conform is studied in detail in section 4.6.4.2. This differential 
velocity bends the extrudate upwards as soon as it leaves the die land. For the 
production of shapes with direct extrusion, the metal flow is generally controlled by 
varying the bearing lengths. With a longer bearing length more friction is generated 
and the flow of metal becomes more retarded. The material at the centre of the billet 
moves faster than at the periphery due to the frictional resistance at the billet- 
container interface. Therefore, the bearing length must be inversely proportional to 
its distance from the centre of the billet in order to balance the flow of aluminium. 
Furthermore, with a thinner section the flow moves more slowly due to the small die 
opening. Subsequently, to balance the flow in thinner sections, the bearing length 
needs to be smaller, and vice versa. 
In previous simulations made by the author, the bearing length had been altered 
according to industrial practice. For example, in the case of a rectangular strip, the 
bottom die land was made to be longer than the upper die land. However several 
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simulations and a relatively fine mesh (10 elements for the length of the bearing) are 
required for this to simulate the optimum changes in material flow. This technique, 
if applied to Conform, would lead to a significant increase in computational time. 
Nevertheless, it is important to keep a fine mesh in the areas adjacent to the die land 
in order to keep the mesh as close as possible to the surfaces of the tools. If the gap 
between the material and the die land is below a pre-defined limit at the start of the 
simulation, then the software will assume that the material is in contact with the 
tooling and therefore friction and heat transfer conditions would be activated. 
Velocity profile at the die exit 
The upward direction of the extrudate is expected. Once the nodes leave the die land 
there is no more contact surface to guide the end of the extrudate and the differential 
velocity drives the nodes upwards. Therefore, at each increment a small portion of 
the extrudate is bent upwards. This cumulative effect facilitates the rapid 'curling' of 
the extrudate. A gravity force can be introduced to the simulation. However, tests 
showed that due to the relatively small amount of aluminium extruded, the counter 
balance force generated by gravity does not prevent the bending of the extrudate. 
A more efficient way to maintain the extrudate in a straight direction would be to use 
a ghost die. The term 'ghost' was coined by the author and his co-workers in order 
to define a die, or tool, which does not exist in a real situation. The ghost die is 
defined with a null coefficient of friction, is infinitely stiff and has the thermal 
properties of air. Therefore, it has no influence on either the extrusion pressure or 
temperature distribution. Figure 4.19 shows a half symmetry of a die and ghost die 
assembly. 
Figure 4.19 Half symmetry of a die and ghost die assembly 
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There is however a potential problem with the use of ghost dies for the simulation of 
3D shapes with curved profiles. If the cross section of the profile is a series of 
straight lines (e. g. square, rectangle, T-shape, etc ... ) then it is easy to create a ghost 
die which matches the exact profile with relatively few elements. However, if the 
profile uses curved lines then it is very difficult to exactly match the same profile in 
3D. In fact there is a risk that a profile will be created which is slightly smaller than 
the extrudate and which therefore creates a second extrusion (with a very low 
extrusion ratio) inside the ghost die. In the context of Carr's experiment, where the 
die orifice is 12mm. in diameter, a ghost die with a 13mm diameter was generated in 
order to control the straightness of the extrudate with an appropriate number of 
elements. Figure 4.20 shows the different diameters between the die and the ghost 
die and consequently the different mesh refinements. 
Figure 4.20 Die and ghost die mesh refinements 
4.6.2 Simulation set-up without flash 
This simulation comprised five FE models for the tooling with one plane of 
symmetry. The groove/ram, the shoe, the abutment and the die (as shown 
in Figure 
4.17) and the ghost die (as shown in Figure 4.19). A high Tresca coefficient of 
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friction (0.9) was used for the shoe, ram and abutment models. A lower coefficient 
of friction was used for the die land (0.4). The mesh of the feedstock (Figure 4.21) 
with an average element size of 5mm, was refined using two mesh boxes as follows: 
a cylindrical mesh box at the die entrance with elements of OAMM, 
a rectangular mesh box at the bottom of the feedstock with elements of 2mm. 
The feedstock was discretised with approximately 80,000 tetrahedral elements. 
5mm 
2mm 
0.4mm 
Figure 4.21 Mesh refinement of the feedstock without flash 
The remaining boundary conditions (e. g. initial temperature, ram velocity) were kept 
the same as for those used in Carr's extrusion (listed in Table 4.4). 
4.6.3 Simulation set-up with flash 
This simulation comprised four FE models for the tooling as shown in Figure 4.22. 
The models for the shoe and the die remained the same as for the previous 
simulation. The abutment, ram and feedstock were remodelled to account for the 
simulation of flash. This was done by leaving a gap of Imm. between both the ram 
and the shoe and the ram and the abutment. 
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Figure 4.22 FE models for Conform extrusion with flash 
The friction coefficients remained the same as those used for the previous simulation. 
The mesh refinement of the feedstock (Figure 4.23) was also kept the same and in 
addition three new mesh boxes were also included: 
-a rectangular mesh box at the bottom of the feedstock and the groove with 
elements of 0.4mm, 
-a rectangular mesh box at the bottom of the feedstock and the side of the 
groove with elements of 0.4mm, 
-a rectangular mesh box at the comer of the feedstock and against the shoe 
with elements of I mm. 
The feedstock was discretised with approximately 100,000 tetrahedral elements. 
The remaining boundary conditions (e. g. initial temperature, ram velocity) were 
again kept the same. 
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Figure 4.23 Mesh refinement of the feedstock with flash 
4.6.4 Results and discussions 
Thermo-mechanical FE analyses of 3D models produce a considerable amount of 
results which the author has displayed in various forms, such as: colour contours, 
cutting planes, iso-surfaces and graphs. The main results and discussions concerning 
these 3D simulations are presented in four sections: extrusion load, material 
deformation, velocity profile and temperature evolution. 
4.6.4.1 Extrusion load 
The extrusion load is equivalent to the resultant of the reaction forces Fx and Fy 
acting on the ram. Figure 4.24 shows a schematic diagram of this. The resultant 
force, F, is applied at an angle a from the vertical. Therefore the following 
equations can be written: 
+ F2 y y 
2 F y2 x 
and 
(4.1) 
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Figure 4.24 Schematic diagram of the reaction forces on the ram 
The curves shown in Figure 4.25 display the extrusion load for both simulations 
(with and without flash) against the ram displacement. 
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Figure 4.25 Simulated extrusion loads against ram displacement 
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The extrusion load for the simulation with flash (shown by the red curve) is reaching 
steady state at approximately 65mm of ram stroke with a maximum load of about 
105kN. The extrusion load for the simulation without flash (shown by the blue 
curve) is reaching steady state at approximately 55mm of ram stroke with a 
maximum load of about 117kN. Figure 4.26 shows the extrusion loads from the 
experiment together with the simulated and estimated loads. 
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Figure 4.26 Extrusion loads from experiment and simulations against ram 
displacement 
Each curve can be divided into three distinct stages. The first stage, from point I to 
2, is the initial upsetting of the feedstock. Due to friction the feedstock is 
compressed and starts to be upset in the area adjacent to the abutment. During the 
initial upsetting the extrusion load decreases slightly. This could be due to the heat 
generated by deformation. However it is more probable that the increase of 
temperature is mainly due to the heat transfer between the tooling (at 478'C) and the 
workpiece (at 414'C). The second stage, from point 2 to 3, is the formation of the 
upset length. This occurs when the material begins to enter the die and continues 
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until steady state is reached. During this stage a significant amount of material is 
being extruded while the upset zone is still being formed. The extrusion load during 
this stage evolves according to a logarithmic form. Finally the third stage, from 
point 3 to 4, is the steady state. In Conform steady state is reached once the upset 
length is fully established. At steady state the extrusion load remains constant. 
Table 4.5 lists the extrusion load at steady state, the ram stroke required to achieve 
steady state and the angle of the resultant force. These results are shown for both 
simulations and the experiment. 
Experiment No flash With flash 
Stroke required (mm) 102 55 65 
Extrusion load (kN) 129.1 117 105 
Angle (deg) (not measured) 59 54 
Table 4.5 Extrusion load, ram stroke and angle at steady state 
An angle of approximately 54 or 59 degrees means that most of the extrusion load is 
acting on the shoe rather than the abutment. This highlights an important problem 
during the use of Conform, which is the control of a small gap between the wheel 
and the shoe under a high load. 
The extrusion load without flash (shown by the blue curve in Figure 4.26) reaches 
steady state after 55mm. of ram stroke compared to 102mm with the experiment. 
There are two reasons which could explain this discrepancy. Firstly, in the 
simulation without flash the material passes through the die and fills the upset zone. 
Whilst in the simulation with flash a significant amount of material is passing 
through the gaps between the wheel and the rest of the tooling. Therefore steady 
state would occur earlier than if flash was generated. Secondly, it can be seen from 
the figure that for the simulations extrusion starts shortly after the initial upsetting (z 
4mm) whilst for the experiment, extrusion only begins after a ram stroke of 16mm 
(as shown with point 2 in Figure 4.26). The relatively long ram stroke before 
extrusion is probably due to the experimental set up (e. g. a possible gap between the 
hydraulic piston and the ram), initial slippage between the feedstock and the ram, and 
the fact that the ram speed cannot be reached instantaneously as it does with the 
simulation. 
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The extrusion load is also 9% lower than the experiment. In addition to experimental 
errors the following factors can affect the difference between the experimental and 
the simulated loads: 
- The friction coefficient and the type of friction law can underestimate the real 
friction occurring during the process. 
- The fact that flash is not simulated means that the feedstock experiences less 
friction at the abutment and therefore less load. However, this argument can 
be counter balanced by the fact that the extrusion ratio is lower with the flash 
conditions. 
- Finally, the flow stress was defined with parameters extracted from the 
literature. A significant variation could be found between two sets of 
parameters for AA6063 due to the variation in the composition of this alloy. 
The simulation results could be enhanced by using material data extracted from the 
samples used in the experiments. Furthermore by increasing computing power, the 
Conform extrusion with flash could be simulated for a longer time period at steady 
state. 
4.6.4.2 Material deformation 
The deformation of the feedstock for the simulation without flash is relatively 
straight forward. The feedstock starts to upset near the abutment and some material 
travels through the die to form the extrudate. Figure 4.27 shows a series of 
deformations for different ram strokes. Deformations at h=4, h= 50 and h= 70 
correspond respectively to the points 2,3 and 4 from Figure 4.26. The upset zone 
evolves in a similar pattern to that of the extrusion load. This means therefore that 
the upset zone length increases rapidly, following a logarithmic form, before 
converging to a maximum length. This maximum value indicates that the process 
has reached steady state. 
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Figure 4.27 Material deformation at different ram stroke without flash 
Figure 4.28 shows the increase of the upset zone length against the ram stroke for the 
simulation without flash. The simulated lengths were taken graphically at 4mm 
intervals of the ram displacement. 
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Figure 4.28 Upset zone length against ram stroke 
From h= 55 to h= 70 the length of the upset zone remains constant and is equal to 
approximately 102mm. This corresponds well with the II Omm measured during the 
experiment. Similar results are obtained from the simulation with flash. 
The extrusion pressure in Conform is initiated by the initial grip and upset zone 
lengths. In these simulations the upset zone length is generated without modelling 
the grip length. However, the grip length is necessary to initiate the upsetting. If the 
grip length is too short, not enough friction would be generated between the wheel 
and the feedstock and slippage would occur. Therefore both the length of the grip 
and the upset must be estimated before beginning the extrusion process. This will 
permit the user to find an optimum position for the coining roll. By using FEM the 
upset length can be predicted and subsequently the grip length can be calculated by 
rewriting equation (2.19) as follows: 
2p- lu 
p acys 
(4.3) 
where 1, is the length of the initial grip, w is the groove width, p is the coefficient of 
friction between the groove wall and the feedstock, p is the extrusion pressure, acys 
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is the compressive yield stress of the feedstock (equal to the mean equivalent stress), 
and lu is the length of the upset zone necessary for extrusion to start. 
Figure 4.29 shows a series of deformations with the flash for different ram strokes. It 
can be observed that the flash at the abutment occurs before the extrudate is formed. 
At the beginning of the process the forces acting on the feedstock are mainly in a 
direction normal to the abutment. Therefore the abutment-ram assembly acts briefly 
as an indirect extrusion (the abutment being the die). However, after 4mm of stroke 
some material begins to enter the die and flash starts to form between the ram and the 
shoe. At h= 10 the flash is about to leave the gap between the ram and the abutment. 
However this does not stop the flash forming at the same velocity as the ram 
movement. This means that at h= 28 the flash is approximately 28mm. 
Furthermore, a significant amount of flash is created between the shoe and the ram. 
Figure 4.29 Material deformation at different ram stroke with flash 
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4.6.4.3 Velocity profile 
The velocity profile in Conform extrusion is significantly different to the one in 
conventional direct extrusion. In this section the discussion concentrates on the 
velocity differential at the die exit and the formation of the dead metal zones. 
Velocity differential at the die exit 
Figure 4.30 shows the velocity profile for the simulation without flash at steady state. 
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Figure 4.30 Velocity profile at steady state (without flash) 
The maximum velocity of the extrudate is 7.90mms-I .A theoretical velocity could 
be calculated with the following equation: 
VE = VRR, (4.4) 
where 
VE is the exit speed of the extrudate, 
VR is the ram speed and R, is the 
extrusion ratio for Conform as defined in equation (2.3). With a ram velocity of 
1.95mms- I, a feedstock cross-sectional area of 22x22mm, 2 and a die diameter of 
l2mm, the theoretical extrudate speed would be 8.35mms-1. The difference between 
the simulated and theoretical velocities could be explained by the loss in volume of 
132 
material during the simulation. Over a ram stroke of 70mm the mesh of the material 
lost a total volume of 600mm 3 from an initial volume of 605 OOMM3 . This is due to 
the re-meshing approximations and penetration algorithm (i. e. projection of nodes 
penetrating the tools). 
Figure 4.31 shows the velocity profile for the simulation with flash at steady state. 
The zones illustrated in dark blue represent the dead metal zones. The DMZ at the 
apex of the die entry is formed due to the high friction condition between the static 
shoe and the moving material. The DMZ adjacent to the abutment is formed as a 
result of the material flowing towards the flash and the die. The iso-surface of the 
DMZs can be seen in greater detail in Figure 4.33. 
Figure 4.31 Velocity profile at steady state (with flash) 
The maximum velocity of the extrudate is 5.9mms-1. Based on a volume constancy 
relation, a theoretical velocity could be calculated by resolving the 
following flow 
balance equation: 
VRA 
,A+ Vý,, 
AF, 
FIE =V 
(4.5) 
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where VR , VE and VFj are the ram, extrudate and flash velocities; AF 3 A. and 
AF, 
are the feedstock, extrudate and flash cross sectional areas. In the simulation, due to 
the high coefficient of friction in the groove, there is no slippage between the 
feedstock and the ram. Therefore the velocity of the flash is equal to the velocity of 
the ram (i. e. VFj = VR). The difficult parameter to define is the cross sectional area of 
the flash. This area is divided into two distinctive zones: zone I and zone 2 (see 
Figure 2.2). The most efficient way to calculate the length of zone 2 is to use FEM. 
In the simulation with flash the length of zone 2 is approximately 8mm. Equation 
(4.5) can be rewritten as follows: 
VE -": 
VR 
(AF-AFI) 
AE (4.6) 
With a groove cross sectional area of 22x25mm 2 and a flash of I mm thickness the 
calculated velocity of the extrudate would be 6.86mms-1. This value is higher than 
the 5.9mms-1 calculated by FEM. In this case the loss in volume of material during 
the simulation is nearly twice more than the analysis without flash (a total of 
II 00mm 3) 
. This strongly suggests that the FE simulation underestimates the exit 
velocity of the extrudate mainly due to this loss of material volume during the FE 
process. Table 4.6 summarises the velocity differences between both simulations 
against the percentage of volume lost. 
Velocity 
Velocity Calculated by % of difference 
% of volume calculated by volume between 
lost FEA constancy calculated 
(mms-1) relation velocities 
(mms-1) 
Without 
I% 7.90 8.35 5.4% 
flash 
With flash 
1.8% 5.90 6.86 14.0% 
Table 4.6 Extrudate velocities calculated and percentage of volume lost 
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The difference of 10% between the measured velocity (6.2mms-1) and the 
theoretically calculated velocity (6.86mms-1) is probably due to some slippage 
between the feedstock and the ram during the experiments. 
Figure 4.30 does not show any apparent velocity differential at the die exit whilst 
Figure 4.31 shows a distinctly higher velocity at the bottom of the extrudate. In 
order to accurately compare the velocity differentials in the extrudate the following 
procedure was performed. The velocities of the nodes in the plane of symmetry, 
directly after the die exit, were recorded against their position in the extrudate. This 
was done for both simulations from the bottom to the top of the extrudate. Figure 
4.32 shows a graphical representation of the velocities across the extrudate directly at 
the die exit. 
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Figure 4.32 Velocities across the extrudate at the die exit (a) without flash and (b) 
with flash 
For the simulation with flash, the velocity at the top of the extrudate is 21% lower 
than the one at the bottom. Furthermore the velocity decreases linearly across the 
extrudate. This suggests that the mechanical properties of the extrudate could also 
vary linearly across the extrudate. However, for the simulation without flash the 
velocity is constant across the extrudate. Explanations for this could be found in the 
manner in which the material flows from the upset zone to the die entrance. When 
the gap is present between the ram and the shoe the material adjacent to the gap 
flows through it to form part of the flash. Consequently the velocity of the material 
adjacent to the shoe, and flowing toward the apex of the die entrance is reduced. The 
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material adjacent to the wall of the groove is driven towards the abutment and forms 
the flash in the groove. As a result of this, the material at the centre of the upset zone 
flows faster towards the bottom and centre of the die entrance. However, when no 
gap is present, the material adjacent to the shoe flows directly to the apex of the die 
entrance. The bulk of the remaining material in the upset zone flows towards the 
bottom and centre of the die entrance. It appears that this situation creates an even 
pressure within the bottom quarter of the upset zone. Subsequently the velocities 
across the extrudate are equal. This explanation should be taken with caution 
however. It is possible that different results could be produced with another die 
profile and differing positions of the die in relation to the abutment. 
Dead metal zones 
The limits of the dead metal zones for both simulations, at steady state, are 
represented with the blue surfaces in Figure 4.33. The yellow parts represent the dies 
and the boxes outlined in blue are the abutments. The abutment in Figure 4.33b 
(without flash) is oversized in order to interlock with the ram to create a perfect fit. 
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Figure 4.33 Dead metal zones in Confonn (a) with flash and (b) without flash 
The dead metal zones, when flash is present, are relatively complex in shape (Figure 
4.33a). This shape can be divided into three volumes: 1,2 and 3. Volume I is 
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delimited by the flow of material through the gap between the shoe and the ram, and 
the apex of the die entrance. Volume I also resembles a half-teardrop. This 
correlates well with observations made by other researchers. Volume 2 is present on 
both sides of the die entrance. It is formed by material flowing into the die entrance 
and towards the gap between the shoe and the ram. Volume 3 is situated above the 
abutment and is surrounded on its edge by the material flowing through the gap 
between the abutment and the ram. The profile of the top surface of Volume 3 is 
probably caused by the relatively high velocity of the centre part of the upset zone. 
This flow of material hits the abutment in its middle area and forces the rest of the 
material away before finding its way to the die entrance. 
The dead metal zone, when there is no flash, is relatively simple (Figure 4.33b). The 
volume is created in a similar manner to that of Volume 3. However, in this case, the 
curvatures of the shape are less pronounced because the edges are not flowing 
through a gap. 
4.6.4.4 Temperature evolution 
Figure 4.34 shows the temperature distribution at steady state for both simulations. 
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Figure 4.34 Temperature distribution at steady state (a) with flash and (b) without 
flash 
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At steady state, with flash, the maximum temperatures are located at the bottom of 
the upset zone (Figure 4.34a). There is no significant gradient in temperature in this 
zone and the temperature across the extrudate is constant. It seems that the 
temperature rise of the extrudate (from 414'C to 480'C) is caused due to the contact 
with the tooling (478'C) rather than by the heat generated by plastic deformation. 
This was expected as the use of rigid dies maintains a constant temperature 
throughout the simulation. Furthermore, in Conform extrusion the tooling is 
relatively large compared to the feedstock. It is therefore not unreasonable to assume 
that in Conform the temperature of the tooling (particularly the wheel, the die and the 
shoe) controls the extrusion temperature. Similar reasoning is applicable also to the 
temperature distribution when there is no flash (Figure 4.34b). 
4.7 Concluding remarks 
Based on the results and discussions of this chapter the following conclusions are 
suggested: 
Temperature distribution and pressure evaluation are relatively well predicted 
by Forge 2 and Forge 3. However the quality of the results is highly 
dependant on the quality of the workpiece's mesh and how well the latter fits 
the geometry of the dies. 
Scaled models can save a significant amount of computation time and still 
provide qualitative information for flow patterns. However, at present, they 
are unable to correctly predict other variables such as temperature 
distribution, strain rate or subgrain size. An obvious possibility is to 
introduce a scaling factor as a function of velocity, temperature or both. 
Plane strain FEA, both thermoplastic and transient thermal, can be used 
efficiently to predict the temperature of the feedstock before entering the 
upset zone. This would therefore help to find the optimum wheel velocity, 
initial grip length and wheel cooling. 
An efficient way to maintain an extrudate in a straight direction would be to 
use a ghost die. Such a die is defined with a null coefficient of 
friction, is 
138 
infinitely stiff and has the thermal properties of air. Therefore, it has no 
influence on either the extrusion pressure or temperature distribution. 
- In Confonn the steady state is attained when the upset zone is fully formed. 
At this stage the extrusion load, temperature, and extrudate velocity converge 
to their respective maximum values and the dead metal zone is fully fortned. 
- The velocity varies linearly across the extrudate. This variation can be 
limited by reducing (or eliminating) the gap between the wheel and the 
abutment/shoe assembly. Furthermore the exit temperature of the extrudate 
can be controlled by adjusting the temperature of the tooling in contact with 
it. For example, to change the temperature of the wheel, the angular velocity 
and its cooling rate can be adjusted. Accurate control of the exit velocity and 
temperature across the extrudate can assist in obtaining the desired material 
properties of the extrudate. 
- During the extrusion of complex profiles which require a large number of re- 
meshing, the loss of volume mesh during the simulation can significantly 
affect the accuracy of the results in terms of velocity. 
139 
5 Expansion chamber and feeder plate 
5.1 Introduction 
This chapter is comprised of two main studies: the expansion chamber in Conform 
and the feeder plate in normal extrusion, which can also be utilised in Conform 
configuration. The former is investigated both in plane strain and three-dimension. 
Results such as temperature, velocity profile and strain are compared with 
experimental observations. The feeder plate is investigated by comparing forward 
extrusion with and without the plate. Results such as temperature, velocity profile, 
microstructure and pressure distribution are discussed. A section of this chapter 
describes the simulation of microstructure in aluminium extrusion and its integration 
into Forge 2 and Forge 3. 
5.2 Expansion chamber 
5.2.1 Simulation set-up 
hardware and software 
The analyses for the expansion chamber were performed on a PC with dual 
processors (40OMHz) and IGbytes of memory. The software Forge 2 (version 2.8) 
and Forge 3 (version 5.2a) were used. 
Geometry 
The tooling was modelled to simulate a simple Confonn extrusion. The groove was 
linear (rather than a circumferential profile) and its cross-section formed a 
rectangular U shape of 22mm width by 25.5mm depth. The abutment fitted the 
groove perfectly (i. e. no flashes were simulated) and was mounted 12mm below the 
centre point of the expansion chamber circular orifice. Figure 5.1 illustrates half of 
the expansion chamber in three-dimension with (XY) as a plane of symmetry. 
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Figure 5.1 Three-dimensional view of the expansion chamber 
The material reaches the abutment in the (-Y) direction and then exits towards the 
(+X) direction. The chamber starts with a cylindrical entrance (10mm x 012mm), 
expands gradually to a rectangular parallelepiped (10mm x 20mm x 32mm with a 
3mm. fillet radius) and finishes with a rectangular die extrusion (profile of 20mm x 
3mm) and a die land of 2.5mm. 
Meshing 
The Conform process with an expansion chamber involves very high deformations, 
which lead to large distortions of the elements, particularly in the vicinity of the 
abutment and die orifice. The distorted elements result in the deterioration of the 
accuracy of the solution, and in order to maintain numerical stability computational 
time steps must be shortened. Consequently, a large number of increments would be 
required to accurately simulate the continuous extrusion process. 
During the initial FE simulations for this thesis, a single analysis in 3D could take up 
to four weeks to produce results. Furthermore the software could only perform a 
simulation with a maximum of 200 re-meshings. It is important to remember that 
Forge 2 and Forge 3 were initially developed to simulate forging, a process whereby 
material deformation is less severe than in extrusion. However, since these initial 
analyses the software has been updated by the supplier in order to accommodate an 
unlimited number of re-meshings. 
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The main problem encountered in the simulations occurred during the filling of the 
expansion chamber with the material. Once the material reached any surface of the 
expansion chamber it would come back on itself, creating a self-contact between the 
elements representing the workpiece. Figure 5.2 illustrates self-contact occurring in 
the expansion chamber. 
Figure 5.2 Self-contact in the expansion chamber 
Although the software included an algorithm for self-contact (in 21)), this was 
designed to simulate overlaps in forging. The algorithm did not work for the type of 
self-contact which occurred in the expansion chamber. Consequently the software 
could not converge to a solution and stopped running. A more appropriate algorithm 
for this situation would be one which could merge two or more elements depending 
on the local temperature and compressive stress. 
In order to overcome some of the problems mentioned above, the Conform process 
was simulated in two stages both for the plane strain and 3D models. At first, the 
commencement of Conform extrusion was analysed. This stage simulated the 
upsetting of the feedstock and the start of extrusion into the expansion chamber. At 
the end of the analysis the average temperature was recorded. A second stage, 
representing the feedstock and the inside of the expansion chamber, was modelled 
together with the average temperature previously recorded. This stage simulated the 
start of the extrusion through the die land until the software stopped due to the 
limited number of increments. 
142 
The major disadvantage with this approach was the loss of material history (in terms 
of velocity, temperature, and pressure) and spatial topology between the first and 
second stages. In relation to the temperature, for example, the temperature range 
observed at the end of the final mesh at the first stage needed be averaged to a single 
estimated value for the whole of the initial mesh at stage two. Therefore the 
accuracy of the temperature distribution was affected and consequently the 
deformation of the material. The mesh generation of the workpiece for the second 
stage was also problematic. The surface of the tooling and the workpiece were 
discretised with elements, i. e. straight lines. Therefore, it was impossible to match 
both meshes exactly where curved lines or surfaces were present. The mesh of the 
workpiece was then reduced by approximately 5% in order to leave a gap between 
the material and the tooling. This satisfied the contact algorithm and avoided tool 
penetration for the first increment. Figures 5.3a and 5.3b show a 2D repEesentation 
of the workpiece and tooling at the first and second stage respectively. 
Figure 5.3 Two-dimensional mesh of the workpiece and tooling at (a) the first stage 
and (b) the second stage 
Both tools, in 2D and 3D, were meshed using rigid elements (non-deformable) with 
tool steel material properties. The heat transfer between the material and the tooling 
was consequently reduced to a constant heat flux from the tool surface. The 
flow 
stress data of AA6063 were used for the workpiece. 
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Boundary conditions 
Sticking friction conditions were imposed between the tooling and the material. 
Although this was appropriate for the groove surface it was not suitable at the die 
land. At the time it was thought that reducing the number of tools would reduce the 
computational time required. Thus the abutment, expansion chamber and die were 
modelled as one tool and consequently could only have one friction definition. 
However, further research showed that the computation time is not significantly 
affected by the number of tools modelled. Therefore subsequent analyses were 
carried out using different coefficients of friction for the die and the rest of the 
tooling. 
The groove (representing the wheel) was moved downwards at 5mm-s-1. The friction 
was initiated by a FE manipulation. At the beginning of the analysis a virtual punch 
pushed the feedstock against the abutment for the first few increments. The 
upsetting of the feedstock generated contact stresses normal to the tools' surface. 
These stresses consequently activated the friction which drove the feedstock 
downwards. This manipulation worked well in three-dimension but it was not 
suitable for plane strain analyses. In plane strain only the back of the groove wall is 
modelled. The two walls of the groove (which generate a substantial friction force) 
cannot be modelled as they are parallel to the plane of analysis. Therefore, in plane 
strain analyses the feedstock is driven downwards by a ram, similar to the process in 
side extrusion. This method is not suitable for the study of the flow in areas adjacent 
to the abutment, however its use was judged as appropriate for areas in the expansion 
chamber and die exit. 
5.2.2 Plane strain results 
Results from the plane strain analyses of the Conform process are difficult to 
quantify, however qualitative appraisals are possible. Figure 5.4 shows the velocity 
profile with the use of a logarithmic scale in order to identify stationary material. 
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Figure 5.4 Velocity profile 
DMZ 3 
Four dead metal zones (DMZ I to DMZ 4) can be clearly identified from this figure. 
These areas of stationary material developed in a similar manner to that of the dead 
metal zones found in conventional extrusion processes. Less energy is required to 
internally shear the worked material than to cause it to flow from the die face to the 
die land, or from the abutment to the entrance of the expansion chamber. DMZ I is 
not a true feature of the Conform process and was formed due to the boundary 
conditions applied on the plane strain model. However, DMZ 2 (at the base of the 
abutment) corresponds very well with the DMZ observed with the Conform 
experiments from Carr et al (1996) and Tomimatu et al (1999). DMZs 3 and 4 are 
located in the expansion chamber and are similar to those formed in forward 
extrusion with a flat faced die. Both Sinha and Chia (1988) and Clode (1992b) 
observed similar dead metal zones in the expansion chambers of Conform 
experiments. 
Velocity gradients at the entrance of the expansion chamber are low and the 
difference between the top and bottom velocity is small. The velocity at the top of 
the expansion chamber is 5% faster than the bottom one. This does not concur well 
with experimental results. Sinha and Chia (1988) and Clode (1992) reported a 
significant difference in velocity between the top and bottom part of the expansion 
chamber. This unbalanced flow was due to the pressure difference across the 
expansion chamber entry. Furthermore, it was also reported that the material flow in 
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the middle of the chamber was of a turbulent nature with an eddying flow observed 
from the central area of the chamber to the bottom of the extrudate. This latter 
feature seems unlikely if this condition of constant mass is not to be invoked. It is 
possible that a 'static' pool of material located at the centre of the expansion chamber 
could have gradually fed the extrudate with eddy flows. 
Figure 5.5 shows the temperature distribution in degree C. 
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Figure 5.5 Temperature distribution 
Although the temperatures at the abutment and the entrance of the expansion 
chamber are not uniform, the difference between the top and bottom surfaces is 
insignificant. The maximum temperature is situated at the die exit, where the 
distribution is symmetrical. As with the velocity profile, the temperature distribution 
does not give a true representation of the Conform process. For Conform extrusion, 
Sinha and Chia (1988) reported a difference of approximately ITC to 28"C between 
the bottom and top surface of a bus bar (the bottom surface having the highest 
temperature). It was also noted that severe deformations at the die bearing caused a 
temperature rise of approximately 30'C to 100'C. It is important however to 
remember that the tooling, being rigid, is always at a constant temperature, and that 
the extrusion is just commencing. Therefore, the heat transfer does not truly 
represent the exchange between the tooling and the workpiece and the heat balance is 
not representative of steady state. 
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Figure 5.6 displays the equivalent strain. 
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Figure 5.6 Equivalent strain 
The highest strains are located at the entrance of the expansion chamber and at the 
die land, where the zones of severe deformation are expected. The central layer 
appears less deformed. On the lower surface of the entrance the strain is 22% higher, 
on average, than it is at the top surface. This strain difference is not clearly visible 
on the figure. However the strain difference was calculated from the raw data using 
the 15 nodes along the 10mm long edge. At the entrance of the expansion chamber 
there is only one dead metal zone situated close to the abutment. Therefore, the 
material at the lower entrance is strained to a greater extent than that in the upper 
entrance. The equivalent strain contour reflects phenomenon found in the 
experimental analyses of Conform. Sinha and Chia (1988) have reported that the 
shearing strain can be five to seven times higher at the surface than at the centre of 
the expansion chamber entrance. 
5.2.3 Three-dimensional results 
A large number of results were produced by the 3D analyses. In addition to 3D 
views several cross sections can also be generated. However, the plane of symmetry 
is probably one of the most meaningful cross sections as it is the one displayed by 
most researchers in their physical experiments. The cross section of the extrudate is 
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also useful, but in the case of these analyses only a few elements could be utilised 
across the die exit. Consequently, the results plotted on the cross section of the 
extrudate were difficult to interpret. 
Figure 5.7 shows the velocity profile in the mid-plane from the three-dimensional 
analyses. 
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Figure 5.7 Velocity profile in the mid-plane 
It can be seen from the figure that in 3D the velocity differential between the upper 
and lower part of the expansion chamber and die is not accurately represented. This 
could be due to the relatively coarse mesh at the die entrance. The coarse elements 
which pass the entrance of the expansion chamber are not capable of accurately 
representing the material flow. However the dead metal zones are accurately 
described. 
Figure 5.8 shows the temperature distribution in the mid-plane. 
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Figure 5.8 Temperature distribution in the mid-plane 
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The temperature distribution in the 3D model is different to that in the plane strain 
model. The highest temperature is situated at the abutment near the bottom of the 
groove. The lower surface of the expansion chamber entrance is I O'C hotter than the 
upper surface. The negligible heat gradient at the die exit does not agree with 
experimental observations. It is believed that a more accurate temperature gradient 
could be obtained with a finer mesh and by considering heat transfer between the 
rigid die and the workpiece more accurately. 
An interesting phenomenon of the temperature distribution is shown in Figure 5.9. 
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Figure 5.9 Temperature distribution inside the expansion chamber 
The lateral surfaces of the expansion chamber are 10*C hotter than the top and 
bottom surfaces. This could explain the observations made by Sinha and Chia 
(1988) regarding the grain size present in the extrudate. They observed that the 
bottom surface of a bus bar had larger grains than the top surface, and also that the 
grains towards the edge of the sample are larger and decrease to a minimum size at 
the centre. 
The equivalent strain, displayed in Figure 5.10, does not represent a smooth 
distribution in the expansion chamber. This is probably due to the coarse mesh used 
in this area. 
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Figure 5.10 Equivalent strain in the mid-plane 
After analytical calculation on the surfaces of the expansion chamber, the strain at 
the bottom was found to be 12% higher than the one at the top. This confirms the 
formation of severe deformations which occur at the abutment, as noted in 
experimental observations. 
5.3 Prediction of microstructure with FEM 
Previous work involving microstructure and FEM (see section 2.3.1) showed that 
empirical and physical models can be integrated with FE software to successfully 
predict the microstructural evolution and flow stress of aluminium alloys. Ideally, an 
accurate modelling of hot extrusion would require an integrated approach, similar to 
the one suggested by Pauskar and Shivpuri (1999). In this, the microstructural 
evolution, deformation, heat transfer, and flow stresses are updated at every time 
step. This integrated approach is schematically represented in Figure 5.11. 
Flow stress Material flow 
f T, S) Heat transfer 
FEM 
Microstructural 
evolution (S) 
Figure 5.11 Integrated approach for FEM 
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The link between the microstructural evolution and the flow stress has not been 
considered in this thesis. 
5.3.1 Physical and empirical models 
Physical models from Sellars and Zhu (2000) and Vatne et al (2000) have been 
integrated into both Forge 2 and Forge 3. The main equations are discussed in this 
section. 
Recrystallization nucleation density 
During deformation nucleation sites occur in places such as grain comers, grain 
lines, grain surfaces and inside the grain. Consequently the following expression is 
suggested to evaluate the density of nucleation sites, Nv: 
Lv sp 
Nv ..: Plýl PV + P2 ý2 + PPý3 
ýV + P411 
(5 
g24 g3 
(5.1) 
where Pv is the number of grain comers per unit volume and Pv = 2.6 - do' (do is the 
initial grain size). Lv is the line length per unit volume and for plane strain 
compression Lv = 1.513[e 
ell. 155 + 0.5(1 + e-611 . 
155 )]. do 2Sv is the grain boundary 
surface area per unit volume and fo r plane strain compression 
Sv = 
(0.429e -ell. 155 + e'll . 
155 
+ 0.571). dO'. PO is the probability of finding sub- 
boundaries with a misorientation angle larger than a critical value within the grain. 
,ý- A4 are geometric parameters which can 
be obtained by statistical analysis. 
A- P4 are the probabilities, related to the four different sites, of finding subgrains 
with a size larger than a critical value that can provide nucleation for 
recrystallization. These probabilities can be calculated based on the distribution and 
average stored energy. However Sellars and Zhu (2000) demonstrated that for large 
deformations, nucleation at grain boundary surfaces is the dominant term. Therefore 
equation (5.1) can be simplified as follows: 
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(5.2) 
Stored energy 
The recrystallization is dominated by the total stored energy and its distribution. The 
total stored energy can be calculated from the total dislocation density, po, as: 
Plot "::: A+A (5.3) 
where p, is the internal dislocation density and pb is the boundary dislocation 
density. p, consists of two parts: the 'random' dislocation density, p, and the 
4geometrically necessary' dislocation density, pg , such as: 
Pr + Pg (5.4) 
p, ; z, pg for commercial aluminium alloy (I %Mg) at constant strain rate and 
temperature. pbcan be written as follows: 
0 
ýC- bt5 
(5.5) 
where C is a geometric parameter depending on the type of the boundary, 0 is the 
misorientation, J is the spacing between dislocation walls and b is the Burgers 
vector. 
The total stored energy 
PD is approximated as follows: 
PD 
= 
Gb 2 
pi 
(I 
- In(I Obp, 
1/2))+20 I+ln 
0c 
10 bo5 0 
( '5.6) 
where G is the shear modulus and Oc is the critical angle for characterising a grain 
from a subgrain boundary (approximately 15'). 
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Recrystallization kinetics 
Both nucleation density and growth rate of the nuclei determine the recrystallization 
kinetics. The model describing this phenomenon is usually based on the Johnson- 
Melh-Avrami-Kolmogorov (JMAK) equation where the recrystallized volume 
fraction, Xv 9 is expressed as a function of the holding time after defon-nation or the 
time at solution soak or the annealing temperature: 
Xv =1-exp In(I - 0.5 tO. 
5 
(5.7) 
where t is the annealing time, and k is the Avrami exponent which describes the time 
dependency of the nucleation and growth rates. tO. 5 is the time for 50% 
recrystallization. The equation (5.7) can be re-written as: 
t 
Xv =I- exp 0.693 - (5.8) tO. 
5 
There are two models available for the calculation of tO. 5 : empirical and physical 
(Duan and Sheppard 2003). 
The empirical model bypasses the evolution of substructure, and relates the final 
microstructure with strain, strain rate and temperature by regression of the 
experimental data. The advantage of this model is that it is easy to integrate into 
FEM. The empirical model is written as follows: 
to. 5 = A'd, 
'c"Z'exp Qrex 
RT, 
(5.9) 
where A', a, Y, c are constants, do is the initial grain size, c is the final equivalent 
strain, Z is the Zener-Hollomon parameter, Q,, is the activation energy for 
,, 
is the annealing temperature. recrystallization, R is the universal gas constant and T 
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The physical model is based on the total stored energy and the density of nucleation 
sites. This model is defined with the following equation: 
cl 
tO. 
5 
Nv MGBPD 
(5.10) 
where C' is a temperature-dependent material constant and MGB is the grain 
boundary mobility. The physical model generates better results than the empirical 
model for the simulation of aluminiurn extrusion (Duan and Sheppard 2003). The 
physical model was therefore used for the analyses presented in this chapter. 
Evolution ofsubgrain 
The evolution of subgrain, 45, is explicitly expressed in a differential form based on 
the typical theories of work hardening and dynamic recovery: 
d(5 = (5 ((5ss - (5)dc (5.11) 
68(5ss 
where i5ss is the subgrain size at steady state. c,, is a characteristic strain which 
determines the rate of evolution of subgrain size and may be related to the 
deformation conditions (i. e . 6.3 OC 
Z3/4 ). Although equation (5.11) provides a 
reasonable prediction for the evolution of subgrain during hot deformation at 
constant strain rate and temperature, it fails to predict the subgrain size for transient 
deformation conditions (Sellars and Zhu 2000). One explanation is that equation 
(5.11) was obtained by experiments mainly based on creep or low strain rates. 
Therefore, only the subgrain size at steady state was implemented into FEM using 
the following empirical equation: 
gs-sm =A+ BInZ (5.12) 
where A, B and m are constants dependant on the material. 
The values of the numerous parameters and constants described in this section are 
listed in Appendix F. 
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5.3.2 Model validation for aluminium extrusion 
The models described in the previous sections were validated using Forge 2 for the 
subgrain size at steady state. Analyses with Forge 3 validated the prediction of 
recrystallized volume fraction, nucleation density and subgrain size. 
Validation in 2D 
The FEM results for AA2014 were compared against experimental results from 
Vierod (1983). The initial billet length was 95mm. with a diameter of 73.5mm. The 
container diameter was 75mm. A flat-faced die with a land length of 5mm was used. 
The extrusion ratio was 40: 1. The initial billet temperature was 598K. The container 
temperature was 548K and the pressure pad and die temperatures were 498K. A 
constant ram speed of 6.7mm. s-1 was used throughout the whole extrusion process. 
Specimens taken at different locations from the deformed material were observed 
using a transmission electron microscope (TEM) and subsequently the subgrain size 
was measured for each specimen. Figure 5.12 shows a schematic illustration of the 
locations of the TEM and FEM specimens. 
'ac 
4E D 
............... ....... 
............... ....... 
Figure 5.12 Schematic illustration of the locations of the TEM and FEM specimens 
Figure 5.13 shows the variations in predicted subgrain size from the centre (location 
E) to the edge (location D) of the extrudate. The measured and predicted subgrain 
sizes for each location are listed in Table 5.1. The percentage of error between the 
predicted and measured values is also listed. More details about the FEM results can 
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be found in Duan et al (2004a and 2004b). It is clear that the predicted subgrain size 
agrees very well with the measured data. 
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Figure 5.13 Variations of subgrain size along the line ED 
Location Measurement 
(ýtm) 
Error Predicted 
(ýtm) 
Relative Error 
(%) 
A 1.27 0.19 1.29 1.57 
B 1.38 0.11 1.4 1.45 
C 1.36 0.21 1.44 5.88 
D 1.88 0.12 1.82 3.19 
E 1.49 0.25 1.57 5.37 
Table 5.1 Measured and predicted subgrain sizes 
Validation in 3D 
The validation was performed with AA2024 on a T-shaped extrusion. The FEM 
results from Forge 3 were compared against experimental results from Subramaniyan 
(1989). The initial billet length was 95mm with a diameter of 73mm. The tooling 
geometry was similar to the one used for the 2D validation. The initial billet 
temperature was 613K. The container temperature was 563K and the pressure pad 
and die temperatures were 513K. A constant ram speed of 7mm. s-1 was used 
throughout the whole extrusion process. The T-shape section had one plane of 
symmetry as shown in Figure 5.14a. The finite element model of the tooling 
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comprised the die, container and punch (Figure 5.14b). The radius of all the fillets 
was 0.5 mm. 
ier 
--- llllýu 
(a) (b) 
Figure 5.14 (a) Schematic drawing of the T-shaped die (all dimensions in mm) and 
(b) finite element model of the tooling 
In order to be efficient and ensure accuracy in the simulation, four mesh boxes were 
introduced as shown in Figure 5.15. The minimum element size was 0.1 8mm (near 
the die entrance) and the maximum was 10mm (on the periphery of the container). 
More than 30,000 tetrahedral elements were used for the simulations. 
Figure 5.15 Mesh refinement for T-shaped extrusion 
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Figure 5.16 shows the distribution of (a) subgrain size, (b) nucleation density and (c) 
recrystallized volume fraction. The latter was compared in detail with the 
experimental results. 
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Figure 5.16 Distribution of (a) subgrain size (in m), (b) nucleation density (in M-3) 
and (c) recrystallized volume fraction (in %) 
In order to compare the recrystallized volume fractions, a cross-section was extracted 
from the 3D model Oust after the die entrance) and the percentage of predicted 
recrystallized volume fraction was recorded in 9 locations. Figure 5.17 shows the 9 
locations on the cross section and Table 5.2 list the values predicted for these 
locations. 
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Figure 5.17 Location of recorded values 
Location xv N Location xv N 
1 62.4 6 73.0 
2 663 7 69.1 
3 69.6 8 70.8 
4 73.6 9 65.4 
5 71.2 - - 
Table 5.2 Predicted values for the recrystallized volume fraction 
The average of the predicted recrystallized volume fraction is 69.0%. An average of 
74.89% was measured from Subramaniyan's experiments. Peng and Sheppard 
(2004) found similar FEM results for their comparison with the same experimental 
data. It can be seen that three-dimensional simulations coupled with microstructural 
models can reasonably predict the evolution of microstructure in shape extrusion. 
5.4 Feeder plate 
In conventional extrusion, a feeder plate is a solid plate positioned in front of the 
extrusion die in order to produce a shape larger than the billet size. The feeder plate 
needs to be thick enough to ensure that the material spreads evenly and smoothly 
without any abrupt changes in direction. A large thickness is also required to 
minimise the internal taper in order to reduce the reverse pressures which can 
separate the die from the feeder plate. Therefore, it is important to take into account 
the elements of feeder plates in the study of the Conform process. Using Forge 3 the 
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extrusion of a thin wide semi-closed section was simulated with both a feeder plate 
and a flat faced die. The results for the material flow, distribution of temperatures 
and subgrain sizes were compared quantitatively and qualitatively for both. 
Although these analyses were based on an industrial extrusion there were no 
experimental data recorded by the extruder. 
5.4.1 Simulation set-up 
The material simulated was an AA6063 and was defined with the Zener-Hollomon 
flow stress. The following assumptions and simplifications were made in order to 
reduce the computational time: 
- the cross-section of the extrudate was simplified by removing some small 
features, 
the die land was considered constant at all the die faces, 
the billet was scaled down (in tenus of length). 
As demonstrated earlier, the scaling of aluminium. extrusion is not suitable if accurate 
values are sought. The last simplification therefore would have affected the values 
of the results, however scaling was a valid process for the case of the feeder plate as 
the results were compared between two scaled analyses. 
Due to the geometrical symmetry only half of the extrusion needed to be modelled. 
In this simulation, all tools were assumed rigid. Figure 5.18 shows the tooling set up 
(a) with the feeder plate and (b) without the feeder plate. 
container 
punch 
die 
(a) 
j 
Figure 5.18 Tooling set up (a) with the feeder plate and (b) without the feeder plate 
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5.4.2 Results and discussion 
Materialflow 
The simulated material flow patterns proceeding through the feeder plate are shown 
in Figure 5.19a to Figure 5.19d in the sequence of the extrusion process. 
(a) (b) 
B 
(c) (d) 
Figure 5.19 Material flow through the feeder plate at different stages (a), (b), (c) 
and (d) 
Figure 5.19a shows the billet 'extruded' from the entrance of the feeder plate and 
proceeding to the bottom surface. The outline of the extrudate appears near the 
symmetry plane where the material flow is faster than elsewhere. At this stage there 
is little material flowing laterally to fill the chamber. Figure 5.19b indicates that 
materials start to fill the chamber. At the same time, some material traverses through 
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the die entrance to complete the final shape of the extrudate. In Figure 5.19c only a 
small volume inside the feeder plate has not been fully filled. In Figure 5.19d the 
feeder plate is completely filled and the extrudate is advancing in a uniform manner. 
The extrudate velocities have been recorded at points A, B and C (Figure 5.19d). 
These are listed in Table 5.3. It should be remembered that the same die land length 
is used for all the different parts of the die. It is generally accepted that the length of 
the die land plays an important role in the control of the material flow. Any slight 
changes in the length of die land would produce an obvious difference in the 
extruded product shape. Simulating such an important aspect would require a very 
small time step and very fine element size in order to generate the resultant effects of 
friction at the material/die-land interfaces. Considering the regular requirements of 
re-meshing to overcome the mesh distortion and to ensure the computational 
continuation, a significant amount of computation resource would be required (even 
for a simple shape extrusion). Although both computing hardware and software have 
made great progress in the last decades, it was still felt that it was not the right time 
to study this subject with a Lagrangian based formulation unless a mainframe is 
adopted. The use of Eulerian based formulation could solve this problem. However, 
the whole process of material flow could not be visualised. 
Figure 5.20 shows the material flow without a feeder plate. The material flow is not 
uniform. The materials near the die gravity centre flow faster than anywhere else, 
producing the longest extrusion at this location. 
,I 
I 
Figure 5.20 Material flow without the feeder plate 
162 
The extrudate velocities have been recorded at points A', B' and C' (Figure 5.20). 
These are shown in Table 5.3. 
Extrudate velocity Extrudate velocity 
Point with the feeder Point without the feeder 
plate (mms-1) plate (mms-1) 
A 92 A' 108 
B 94 B' 85 
C 87 C1 77 
Maximum Maximum 
7 31 
velocity velocity (7.4 Yq) (2 8.7 Yq) 
difference difference 
Table 5.3 Extrudate velocities with and without the feeder plate 
The maximum difference in velocities for the extrudate with a feeder plate is 7mms-1 - 
This indicates that some areas of the extrudate are flowing at a rate which is 6.5% 
faster than at other areas. The difference in velocities for the extrudate without a 
feeder plate however, is 3 lmms-1. This indicates that the material at the centre of the 
extrude flows at a rate which is 28% faster than it does at the extremities. This effect 
is due to the fact that the friction on the container forces the aluminium on the outer 
region of the extrudate to flow at a slower rate to that at the centre. However, since 
the outer and central regions are connected, they subsequently interact with each 
other. This suggests that the centre of the extrudate is 'pulling' the extremities, 
hence causing tensile stresses in the outer regions. Similarly, the extremities have 
their own counter-effect on the centre of the extrudate by causing deceleration which 
creates compressive stresses in this region. Depending on the velocity gradients (i. e. 
the spatial distribution of the velocity) high compressive stresses could be generated 
which would lead to buckling. The results therefore show that the feeder plate can 
contribute to the reduction of flow imbalance in complex shapes. 
Figure 5.21 shows the velocity distribution with the feeder plate on (a) the plane of 
symmetry and an offset place, and (b) a plane normal to the plane of symmetry. 
The 
dead metal zones are highlighted. 
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Figure 5.21 Velocity distribution (mm. s-1) and DMZs with the feeder plate on (a) 
the plane of symmetry and an offset plane, and (b) a plane normal to the plane of 
symmetry 
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Figure 5.22 Velocity distribution (mm. s-1) and DMZs without the feeder plate on (a) 
the plane of symmetry and an offset plane, and (b) a plane normal to the plane of 
symmetry 
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Figure 5.22 again shows the dead metal zones and the velocity distribution without 
the feeder plate. 
There are significant differences with the DMZs on the plane of symmetry and the 
plane perpendicular to it. The main difference is the relatively small DMZ at the 
entrance of the feeder plate on the perpendicular plane. It can be seen that the 
materials at the periphery of the billet could flow through the feeder plate and then 
the die land resulting in surface defects in the extrudate. This highlights the fact that 
the design of a feeder plate is complex. One of the design criteria for this could be 
the calculation of a critical value for the ratio of the CCD of the feeder plate entrance 
hole and the container bore. Further work in this area still needs to be carried out. 
Temperature distribution 
Figure 5.23 shows the distribution of temperature, (a) with the feeder plate and (b) 
without the feeder plate. With both simulations, the temperatures at the periphery of 
the billet are lower than at the centre. This is due to the conduction of heat from the 
billet to the tooling. The initial temperatures of the tooling were 350'C for the 
container/die assembly and 300'C for the punch, whilst the initial temperature of the 
billet was 400'C. 
The temperature distribution across the extrudate, as shown in Figure 5.23b, is not 
uniform between the extremities of the profile (382'C) and its centre (408'C). This 
difference of up to 6.4% is mainly due to the high strain rate at the centre of the die 
generated by the relatively rapid flow of material from the centre of the billet. 
Furthermore the material flowing at the extremities of the profile is cooler than at the 
centre. The material at the periphery of the billet is subject to more heat conduction 
from the billet to the container than at its centre. Finally, the dead metal zone is 
larger at the centre of the die than at the extremities (Figure 5.22). This means that 
more heat is generated at the centre of the billet due to intermetallic friction. 
The temperature distribution across the extrudate, with a feeder plate (Figure 5.23a), 
is relatively uniform. The difference of temperature between the centre and the 
extremities of the extrudate is 2.4%. 
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Figure 5.23 Distribution of temperature (degree Q, (a) with the feeder plate and (b) 
without the feeder plate 
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The use of feeder plates can balance the temperature distribution of the extrudate in 
the following ways: 
- by providing a more even material flow, and consequently a more even strain 
rate, between the centre and the extremity of the die, 
- by creating more uniform heat conduction inside the feeder plate than in the 
container, 
- and by creating fewer differences between the size of the DMZs inside the 
feeder plate than those inside the container. 
subgrain size 
Figure 5.24 shows the distribution of subgrain size, (a) with the feeder plate and (b) 
without the feeder plate. 
The distribution of subgrain size is very similar to the distribution of temperature. 
This is expected as the subgrain size is proportional to the temperature compensated 
strain rate parameter Z (see equation (5.12)). Both Figures 5.24a and 5.24b show 
that the extrusion with a feeder plate produces an extrudate with a more uniform 
subgrain size distribution across its cross-section than without a feeder plate. 
Consequently the quality of the extrudate, in terms of material properties, could be 
enhanced with the use of a feeder plate. 
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5.5 Concluding remarks 
In this chapter the expansion chamber and feeder plate were studied using both 
different versions of the software and different hardware capabilities. A number of 
conclusions and FE recommendations can be suggested based on the results and 
discussions. 
- Plane strain analysis of the Conform process is efficient in terms of speed and 
simulation set up. The pre-processing is relatively easy due to the two- 
dimensional mesh and boundary conditions. This allows for refined 
modelling of small features such as fillets at the die exit, gaps between the 
abutment and the groove, or surface refinement (for grain evolution). It was 
found that a plane strain analysis of the Conform process is eight times faster 
than a similar analysis in a three-dimensional domain. When planning a 
series of simulations, it is crucial to have some basic understanding about 
which factors are important and which will have less influence on the results. 
Plane strain representations of the Conform process are well suited for such 
investigations. 
- Unfortunately, it would be wrong to assume that Conform extrusion can be 
simulated accurately with a plane strain analysis. To some extent a relatively 
squared groove can be modelled as Plane strain due to its geometry, however 
this would be inaccurate in terms of the friction conditions. The friction on 
the groove wall cannot be modelled in plane strain. Similar reasoning is 
applied at the abutment, where the plane strain analogy is rapidly degrading 
towards the entrance of the expansion chamber. 
- The finite element discretisation of the Conform process with an expansion 
chamber is complex. The large deformations, their locations, the high 
temperature gradient and the frictional interface require a careful judgement 
for the mesh refinement, especially within the three dimensional domain. 
The mesh needs to be refined at the entrance comers of the expansion 
chamber and in the areas adjacent to the entrance. The mesh at the die 
entrance should also be refined. 
- The evident advantage of three-dimensional modelling of the 
Conform 
process is the possibility to simulate precisely the volume and shape of the 
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material together with the right boundary conditions. From this, 3D 
phenomenon, such as the material flow, temperature distribution and other 
variables, can be studied and analysed. The drawback with 3D analyses is the 
large number of elements required to reach useful results. The finite element 
equations are numerous in 3D and a mesh refinement from 2 to I can increase 
the analysis time by a factor of 4. Therefore, careful planning is required 
before complex 3D analyses are performed. Furthermore, the post processing 
of the results is not straightforward due to the numerous data available at each 
increment in each direction. 
- Both the model proposed by Sellars and Zhu and the model created by Nes 
and co-workers are available for the prediction of static recrystallization. It is 
easier to perform numerical analyses using the model created by Nes et al due 
to the fact that the values of the parameters in their model can easily be found 
in the literature. Also, there are no such problems as non-convergence caused 
by the inappropriate input of some parameter values. However the model 
proposed by Sellars and Zhu presents more accurate predictions. 
- The evolution of substructure and material properties during the hot extrusion 
of aluminium alloys can be represented accurately with the Forge 2 and Forge 
3 FE codes. However, the use of several tuning parameters for each alloy 
remains impractical for industrial use. 
- The die configuration has a significant influence on the microstructural 
behaviour and material flow. Based on the study of extruding a thin-walled 
product it was found that the use of a feeder plate can reduce the degree of 
non-unifonnity in tenns of shape and properties. 
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Tool optimisation 
6.1 Introduction 
For the reliable and economical production of aluminium extrusion an optimum tool 
life is essential. The main problem confronting Conform's tooling is the failure of 
the wheel due to high stress and fatigue. The replacement of the wheel requires the 
dismantlement of several parts including the main driving shaft. It is therefore in the 
interest of the extruder to predict the life of the wheel or to select the most suitable 
wheel for a given process. In the first part of this chapter the structural integrity of 
the wheel is studied using boundary conditions from an estimated linear static load. 
These results are then compared qualitatively with the stresses obtained from the 
plastic deformation of the feedstock. 
Another very important tool in Conform extrusion, and in all extrusion processes, is 
the die. The die is the last tool in contact with the workpiece and therefore its design 
has a great influence on the surface quality of the extrudate. In the second part of 
this chapter FEM is coupled with the Taguchi method to predict the influence of die 
profile on the initiation of surface cracks and subgrain size. 
6.2 Wheel optimisation 
6.2.1 Stresses due to estimated linear static load 
A comprehensive study was carried out to evaluate the effectiveness of pre-stressing 
on different Conform wheels. Different preloads were applied to the wheels via a 
hydraulic nut in order to reduce the tensile stresses in the wheel during extrusion. 
The study was commissioned by Holton Machinery Ltd at the early stage of this 
research and covered six types of wheels. Three wheel diameters were studied, 
300mm, 400mm and 500mm, for both aluminium and copper extrusions. The 
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preload varied from 4. OMN on the 300mm wheel to 12.5MN on the 500mm wheel. 
Due to the uncertainty of the loading inside the groove, each wheel was loaded with 
three different extrusion pressures: 40ONmm -2 60ONmm -2 and 80ONmm -2 . Table 6.1 
lists the different Parameters of the study. 
Analysis Wheel Type Material to extrude Preload Extrusion pressure 
Nb (mm) (MN) (NMM-2 ) 
1 300 aluminium 4.0 - 
2 300 aluminium 4.0 400 
3 300 aluminium 4.0 600 
4 300 aluminium 4.0 800 
5 300 copper 4.0 - 
6 300 copper 4.0 400 
7 300 copper 4.0 600 
8 300 copper 4.0 800 
9 400 aluminium 8.2 - 
10 400 aluminium 8.2 400 
11 400 aluminium 8.2 600 
12 400 aluminium 8.2 800 
13 400 copper 8.2 - 
14 400 copper 8.2 400 
15 400 copper 8.2 600 
16 400 copper 8.2 800 
17 500 aluminium 12.5 - 
18 500 aluminium 12.5 400 
19 500 aluminium 12.5 600 
20 500 aluminium 12.5 800 
21 500 copper 12.5 - 
22 500 copper 12.5 400 
23 500 copper 12.5 600 
24 500 copper 12.5 800 
Table 6.1 List of parameters for pre-stressing study 
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Analyses 9,10,11 and 12, which correspond to the 500mm. wheel, have been 
selected to provide a more in depth understanding of wheel behaviour. The wheel 
was analysed using commercial FEA software (I-DEAS Master Series) which had 
been distributed by SDRC. 
Model discretisation 
The geometry of the wheel, its groove and adjacent parts were provided by Holton 
Machinery. The feedstock was 25mm in diameter. An extreme temperature of 
550'C was assumed for the wheel. The material for the wheel was H13 which at 
550'C has a modulus of elasticity of 15500ONMM-2 ,a 
Poisson's ratio of 0.29, and a 
2 yield strength of 90ONmm- . 
A parameterised solid model was meshed semi-automatically using 3D brick 
elements in order to obtain a mapped mesh. This was an efficient way to generate 
the mesh for each different wheel and groove combination. The FE model 
comprised 2282 elements and 11098 nodes. Planes of symmetry were used where 
appropriate. Figure 6.1 shows the mesh of the models. 
Figure 6.1 Finite element models of the wheel and shaft assembly 
The green and blue elements represent the wheel and the red elements the tubular 
insert which applied the preload. The blue elements also indicate the area of the 
wheel where the pressure due to extrusion was applied. The length of this area is 
equal to the length of the upset zone observed in similar industrial trials. In this case 
the length was approximately 160mm. 
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Boundary conditions 
A preload of 12.5MN was applied at the end of the tubular insert. Three different 
groove pressures were applied: 400,600 and 80ONmm-2 . Each groove pressure was 
distributed in four different zones. Each zone was 40mm long increasing from 25% 
in the first zone to 100% by the fourth. Figure 6.2 shows the four zones of 
distributed pressure in the groove. 
4 
Figure 6.2 Pressure distribution inside the groove 
The arrows, representing the direction of pressure are not scaled. As an example, 
-2 with an extrusion pressure of 400 NMM , the pressures were calculated as 
follows: 
- zone 1,400x25%=IOONmm -2 
- zone 2,400 x 50% = 20ONmm -2 
- zone 3,400 x 75% = 30ONmm -2 
2 
- and zone 4,400 x 100% = 40ONmm- 
The methodology used for Figure 6.2 simulated a distributed pressure with a 
maximum value near the abutment and a minimum value at the other end of the upset 
zone (i. e. 160mm. from the abutment). In addition to the pressure inside the groove a 
radial pressure was applied to a 20mm wide band on each side of the groove. This 
radial pressure varied from the groove pressure at the edge of the groove to zero after 
20mm. This represents the sealing band pressure created by the flash. Figure 6.3 
shows the radial pressure and the four zones. The direction X shows the variation of 
the pressure from a maximum value at X= Omm to zero at X= 20mm. The arrows 
are also not scaled in this figure. 
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Figure 6.3 Radial pressure distribution 
Results 
Figure 6.4 shows a contour plot of the von Mises stresses caused only by the 12.5MN 
preload. The figure is taken from a cross-section of the wheel assembly. The 
maximum stress (514Nmm -2 ) is at the bottom of the groove and is due to the 
compression load generated by the preload. 
Figure 6.4 Stress distribution with 12.5MN preload only 
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Figure 6.5 shows a typical von Mises stress distribution in the area of the groove in 
contact with the upset zone. The coloured contours are not scaled however the red 
colour represents the highest stress and the dark blue the lowest. As expected the 
highest stresses are located at the base of the groove and it is noticeable that a large 
area of the groove is highly stressed. 
Figure 6.5 General stress distribution inside the groove 
Figure 6.6 shows the maximum von Mises stresses in a plane across the wheel 
assembly. The stress distributions are shown for each different pressure: 400,600 
2 -2 -2 -2 and 80ONmm- . The maximum stresses are 
48 lNmm , 725Nmm and 1099Nmm 
respectively. They are all located at the bottom comer of the groove. This suggests 
that the extrusion pressure inside the groove is the main cause of the high stresses. In 
effect the extrusion pressure tries to 'split' the wheel into two parts. The preload 
partially counteracts this extrusion pressure. The yield strength of H13 at 550'C is 
900 NMM-2 , therefore 
if the extrusion pressure reaches 800 Nmm -2 it is likely that the 
groove will yield and consequently fail. Groenbaek et al (1999) show that crack 
initiation in tool steel is essentially controlled by the amount of cyclic plastic strain 
and by the level of compressive mean strain. 
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(a) (b) (c) 
Figure 6.6 Stress distribution with 12.5MN preload and (a) 40ONmm -2 
(b) 60ONMM-2 and(c)800NMM-2 extrusion pressures 
6.2.2 Stresses in the simulations performed on the experimental runs 
Stresses on the surfaces of the tools were calculated with the 3D thermo-mechanical 
simulation used in section 4.6.3 (the simulation of Conform experiment). At each 
increment the pressures on the surface mesh of the feedstock were interpolated to the 
surface mesh of the tools. This gives an indication of the value of the stress and its 
distribution on the surface of the tools. Figure 6.7 shows this stress distribution (von 
Mises stress) inside the ram (near the abutment area) for the simulation with flash at 
steady state. 
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Figure 6.7 Stress distribution in the ram at steady state (Nmm- 
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The maximum stress of 205NMM-2 is concentrated near the abutment area. The 
maximum value is lower than the estimated values used in the previous section (i. e. 
400,600 and 80ONMM-2) . However the value of the stress concentration shown in 
Figure 6.7 should be considered with these practical reasons: 
- The ram was modelled as a rigid tool. This means that only the surface of the 
tool is meshed and therefore no internal stress can be calculated and no 
modulus of elasticity can be applied to the mesh. 
- In order to increase the efficiency of the 3D thermo-mechanical analysis, the 
mesh used for the ram (and the rest of the tooling) is relatively coarse. 
Consequently some inaccuracies are generated during the interpolation of 
stresses from the deformed feedstock (fine mesh) to the surface of the ram 
(coarse mesh). In fact the ratio between the coarse mesh (-: ý 10mm) and the 
fine mesh (z 0.4mm) can be as great as 25: 1. 
- The groove in the ram has a rectangular cross section (25mm x 22mm) and is 
without fillets, whilst the groove in an industrial wheel has I Omm fillets at 
the bottom. 
The stress distributions between the static FEA (Figure 6.5) and the thermo- 
mechanical analysis (Figure 6.7) show similarities. In both simulations the 
maximum stresses are located near the abutment and gradually decrease toward the 
end of the upset zone. If a preload had been applied to the thenno-mechanical 
analysis then it is probable that the stress distribution in the side walls of the groove 
would have been reduced as occurred with the static FEA. Furthermore, if a preload 
and some fillets at the base of the groove had been added, it is likely that the stress 
concentrations at the comers (as shown in Figure 6.7) would move to the middle of 
the base of the groove (as shown in Figure 6.5). 
6.2.3 Discussion 
The simulations show that it is not efficient to study the structural integrity of the 
wheel using the pressure distribution from the deformed feedstock. With the current 
computational power it would take a significant amount of time to accurately analyse 
both the feedstock behaviour and the state of stress in the wheel. An efficient way 
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would be to firstly analyse the deformation of the feedstock, as described in section 
4.6, in order to find the maximum pressure in the areas adjacent to the abutment. 
This pressure could then be transferred to a refined finite element model of the wheel 
using the four zones of loading as described in section 6.2.1 of this chapter. A 
simple linear static analysis would provide an accurate distribution of the stresses 
together with the position of the stress concentrations. 
In terms of geometrical optimisation, the increase in fillet radii at the bottom of the 
groove would significantly reduce the stress concentration. However, this would 
also reduce those surface areas in the groove which generate the grip between the 
feedstock and the wheel. Consequently the friction interfaces necessary to drive the 
feedstock towards the abutment are reduced. Two ways in which these contact 
surfaces could be increased are as follows: 
- The coining roll could be moved further away from the abutment, which 
would therefore increase the grip length and increase temperature at the 
. ab, utment. 
-A different cross section of the feedstock could be used. For example an oval 
shape could still be accommodated in the groove and be coined without 
excessive strain. This would provide more material in contact with the flat 
faces of the groove. However the fabrication of an oval cross-section could be 
difficult to cast or to roll. 
The stresses acting on the wheel are both tensile and compressive in a repetitive 
manner. At each rotation of the wheel, just after the abutment, every point at the 
bottom of the groove experiences a rapid change from tensile to compressive 
stresses. Furthermore, the wheel is subject to thermal stresses and thermal shock. 
The main characteristics of H13 tool steel include good resistance to thermal shock 
and thermal fatigue, good high-temperature strength, good toughness and ductility in 
all directions and good machinability. Therefore H13 is probably the most suitable 
material for the design and manufacture of a Conform wheel. 
A reliable estimation of the wheel life would require more than just an accurate 
estimation of the stress-strain distribution. It is essential to evaluate a suitable 
fatigue model which would accurately represent the initiation of cracks in the wheel. 
Such a study would require comparisons between different models of 
fatigue 
prediction and industrial data. For example Falk et al (1998) demonstrated that the 
'local energy' approach shows satisfactory results in predicting the tool life of a cold 
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forging process. This approach takes account of the multi-axial stress conditions 
which could be suitable for the study of the Conform wheel. 
6.3 Die optimisation 
Dies must be optimised to produce good shapes, good surface finish, the required 
structure and a straight profile. In chapter four the straightness and accuracy of the 
profile was simulated by the use of a ghost die. In chapter five the micro - structure of 
the extrudate was predicted with FEM. In this section the finite element method is 
firstly applied to predict the phenomena of surface cracks. These results are then 
used to evaluate the optimum die profile and to study the influence of the forming 
parameters both on the subgrain size and the occurrence of surface cracks. The 
Taguchi method is adopted for the study of the forming parameters. These studies 
were conducted in conjunction with Xianjian Duan (Duan et al 2004b) and the author 
recognises the significant contribution made by his co-worker. 
6.3.1 Prediction of cracks in extrusion 
Two types of surface cracks, speed cracks and surface tearing, are often seen in the 
extrusion of two series of hard aluminium alloys: 2XXX and 7XXX. Speed cracking 
is caused by the high tensile stresses generated by the intensive friction between the 
extrudate and the die. Surface tearing occurs when the surface temperature exceeds 
the temperature of the lowest melting phase. In industrial practice, although various 
methods have been proposed to reduce the second phase, the elimination of this 
phase is impossible. Furthermore the distribution of the second phase is non-uniform 
and discontinuous in nature. Hence, the finite element modelling based on 
continuum mechanics can not cope with this particular problem. Therefore, surface 
tearing is not considered in this study. 
Void nucleation, growth and coalescence are well accepted as being one of the 
principal mechanisms of ductile fracture. The fracture toughness of metals depends 
on the size and space of voids and recrystallized grains nucleating around the second 
phase particles. Therefore a critical way of controlling ductile fractures is to delay 
the void nucleation at the particle-matrix interfaces. Several fracture criteria, which 
181 
are composed of a form of integration with a combination of stress and/or strain 
relations, have been proposed to predict the initiation of ductile fracture when the 
integration reaches a critical value. These criteria can be divided into three 
categories: void growth model such as the Rice and Tracey criterion (Rice and 
Tracey 1969); the models based on porous plasticity such as the Gurson-Tvergaard 
criterion (Tvergaard 1981) and the phenomenological models which are based on 
experimental observations such as the Cockcroft and Latham criterion (Cockcroft 
and Latham 1968). 
Clift et al (1990), Ko et al (1996) and Domanti et al (2002) have indicated that the 
Cockcroft and Latham criterion is the best amongst the various existing criteria for 
the prediction of fracture initiation during extrusion. The normalised form of the 
Cockcroft and Latham criterion is written as follows: 
CL (6.1) 
where a, is the maximum principal tensile stress, 07 is the equivalent stress, e is 
the equivalent strain, C-f is the equivalent strain to fracture and CL is the critical 
damage value. 
When using the above criteria, the most important task is to ascertain the critical 
damage value CL or the critical effective plastic strain, efP. For homogeneous 
materials, this critical value can be considered as a material constant. Ko et al (1996) 
reported that the value obtained from compression testing and tensile testing is 
different. This difference in values can be attributed to the different deformation 
history, different stress state at fracture locations and the fracture mode. The 
differences between surface cracks in hot direct extrusion and cracks occurring in 
both compression and tensile testing, makes the determination of the critical damage 
value even more complicated. In compression testing, fractures appear on the free 
surface at much smaller nominal strains than those in extrusion (equivalent strains 
are usually greater than 3 on the contact surface). Therefore, the effect of friction on 
fracture initiation and propagation can be ignored. In tensile testing, fracture does 
not usually initiate at the surface as it does in hot extrusion and compression testing, 
and the stress and strain states at the crack initiation site are different. Furthermore, 
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fracture initiates at much smaller nominal strains than those observed during 
extrusion. 
In this section, aluminium alloy 2014 was studied. The experimental data was taken 
from the work of Vierod (1983). All billets were scalped to a 73.5mm diameter and 
extruded from a 75mm diameter container. The billet length was 95mm. The flat 
faced dies had a die land length of 5mm. The rain speed was 2.9mm/s and the 
temperatures of the billet, container and die were 4750C, 4250C and 3750C 
respectively. The simulation used axisymmetric elements. 
Figure 6.8 shows the different computed stress components in the extrudate cross 
section at I mm before the die exit. 
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Figure 6.8 Distribution of stress components in the extrudate cross-section 
The stress components are defined as follows: 
at is the hoop stress, 
uz is the longitudinal stress (in line with the extrudate) and can be assumed 
to be the maximum principal stress, 
ar is the radial stress and is considered as the minimum principal stress, 
- and ur. js the shear stress. 
The stress uz is negative (i. e. compressive) for r:! ý 3.4mm, which corresponds 
approximately to two thirds of the extrudate cross section, and is tensile at the 
surface. This suggests that cracks will never occur at the centre (three-dimensional 
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compressive stress state) and would possibly appear at the surface. The longitudinal 
tensile stress is the major factor causing surface cracks. 
The process of crack evolution can be visualised by the use of element deletion 
techniques. It should be noted that the term 'crack' here is different from its 
meaning in fracture mechanics which implies a sharp-tip. Since the Cockcroft and 
Latham criterion was proposed for the prediction of crack initiation, the process of 
crack growth can not be accurately predicted by the use of this criterion. Also, the 
surface cracks observed in the hot extrusion of AA2014 are usually caused by the 
distribution, size and morphology of the second phase particles. Without considering 
these metallurgical factors, the calculated crack propagation by the use of the 
Cockcroft and Latham criterion can only be represented as an approximation. 
Deleting elements requires the determination of the critical damage value CL - To 
accurately determine this value, the calculated shape and depth of crack should 
correspond well with the experimental measurements. An inverse analysis method 
was used to determine the critical fracture value. FE analyses were iteratively run 
until the computed location, shape and depth of the cracks satisfactorily matched 
experimental observations. Figure 6.9a shows an axisymmetric view of the extrudate 
surface together with the axis of symmetry. Zones 1 to 5 show the different locations 
where cracks have occurred. The direction of extrusion is indicated. Figure 6.9b, a 
magnification of zone 2, shows the cracks in detail together with the mesh at the 
surface of the extrudate. The mesh at the surface is very fine and the length of the 
elements can be as small as 5ýtm. The computed surface cracks shown in Figure 6.9 
were obtained by using a Cockcroft and Latham criterion equal to 0.235. It can be 
seen that the surface cracks occur periodically and extend backwards into the 
extrudate. The direction of the cracks is opposite to the extrusion direction, but 
follows the same direction as the frictional tensile stresses. It can be concluded that 
these stresses are the cause of the cracks. 
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Figure 6.9 (a) Locations of surface crack and (b) crack details 
This agrees well with the experimental observations from Veirod (1983) which are 
shown in Figure 6.10. In this figure the maximum crack length is of the same order 
of magnitude (35ýtm) as the one shown in Figure 6.9 (from the inverse analysis). 
The results from the simulations agree well with experimental results. The 
experimental results show both the frequency of the cracks occurring along the 
surface of the extrudate and that the direction of the cracks is opposite to the 
direction of extrusion. Therefore, FEM with a CL value of 0.235 gives a good 
prediction for crack formation. However it should be emphasised again that the 
results in Figure 6.9 should only be treated as a qualitative prediction. 
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direction of extrusion 
Figure 6.10 Measured surface crack (after Vierod 1983) 
6.3.2 Optimum die profile 
Four kinds of die configurations, as shown in Figure 6.11, were studied. A friction 
factor of 0.6 was applied to all the surfaces of the die profiles. A die length of 5mm 
was assumed for all dies. The angle 0 in Figure 6.11 b and Figure 6.11 c was 10 0. 
3.5 
(a) (b) (c) (d) 
Figure 6.11 Schematic drawing of the various die configurations (all dimensions in 
mm): (a) flat-faced; (b) semi- streamlined; (c) streamlined; (d) pre-chambered 
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Figure 6.12 shows the distribution of the Cockcroft and Latham fracture values in the 
cross section within the die land. The value was calculated at Imm before the die 
exit. 
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Figure 6.12 Distribution of the Cockcroft and Latharn fracture values in the cross 
section within the die land for each profile 
Surprisingly, the stream line die (Figure 6.11 c) produces the greatest fracture value. 
This means that using this die shape tends to generate the surface cracks. This 
conclusion does not agree with other researchers' work (Domanti et al 2002). 
However, the two following interpretations can be suggested: 
- Only a very short ram stroke is simulated. The material which forms the 
extrudate surface has experienced a greater amount of contact (i. e. friction) 
with the stream line die than with other die configurations. Thus, the 
accumulation of strain is the greatest among the various die shapes. 
- In practice, lubrication is always applied on the surface of the streamlined 
die. Therefore there is less possibility of the occurrence of surface cracks at 
the beginning of the extrusion. 
The most interesting finding in Figure 6.12 is that the use of a semi-streamlined die 
(Figure 6.11b) has the least possibility of producing surface cracks. The key 
parameters of the semi- streamlined die are the angle 0 and the depth of the choke. 
Jarrett and Parson (1995) gave some useful indications in their patent. 
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6.3.3 Optimum forming parameters 
Four forming parameters were selected to study their influence on the formation of 
surface cracks. These parameters included the extrusion ratio, the temperature 
difference between the tool and the billet (AT), the extrusion speed and the billet 
temperature. Each parameter had three levels which are listed in Table 6.2. 
Level Extrusion 
ratio 
AT 
(K) 
Extrusion 
speed 
(MMS-1) 
Billet 
temperature 
(K) 
1 10 -50 3 573 
2 30 0 6 633 
3 50 50 9 693 
Table 6.2 Test parameters and their levels 
Using a Taguchi method, a three-level series orthogonal array L9(34), was set up to 
investigate the four factors at three levels with only 9 runs (simulations). The 
Taguchi methods have already been successfully used by the author's co-worker for 
the study of forming parameters on static recrystallization and final subgrain size 
during the hot rolling of aluminium (Duan and Sheppard 2002a and 2002b). The 
L9(3') is shown in Table 6.3. 
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Run Extrusion 
ratio 
AT Extrusion 
speed 
Billet 
temperature 
2 2 2 2 
3 3 3 3 
4 2 1 2 3 
5 2 2 3 1 
6 2 3 1 2 
7 3 1 3 2 
8 3 2 1 3 
9 3 3 2 
Table 6.3 L9ý3') orthogonal array 
The computed contribution of each forming parameter to the fracture value and the 
subgrain size are shown in Table 6.4. 
Surface crack Subgrain size 
Extrusion ratio 45.0% 8.5% 
AT 8.7% 3.8% 
Extrusion speed 23.2% 0.1% 
Billet temperature 23.2% 87.6% 
Table 6.4 Analysis of variance of spread 
It can be seen that the extrusion ratio is the dominating variable on the control of 
surface cracks, followed by rain speed, billet temperature, and tool temperature 
difference. It is not surprising to see a strong dependence between the extrusion ratio 
and the extrudate velocity due to the interrelationship between these two variables. 
The average effect of each parameter level on the fracture value is shown in Figure 
6.13. 
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Figure 6.13 Plots of response for each parameter level on the predicted fracture 
value 
Figure 6.13 shows that the fracture value increases with decreasing extrusion ratio, 
increasing temperature difference (between the billet and tools), increasing extrusion 
speed, and increasing billet temperature. The predicted fracture value decreasing 
with the increase of the extrusion ratio was beyond the author's expectation. As 
shown earlier in Figure 2.4 surface tearing increases with extrusion speed. This 
therefore indicates that to produce a specified extrudate dimension, the use of a billet 
with a large diameter is superior to the use of a small billet in terms of preventing the 
occurrence of surface cracks. However, the use of large billets means that a higher 
extrusion load is required. The changes in the other three parameters fit well with 
general experimental observations. 
The influences of the four forming parameters on the subgrain size are shown in 
Figure 6.14 and in the second column of Table 6.4. The billet temperature plays the 
dominating role in the subgrain size. This was expected and discussed in Chapter 5. 
Subgrain size is one of the key parameters in the simulation of recrystallization and 
extrudate structure. 
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6.4 Concluding remarks 
The finite element method has been successfully applied to study the structural 
integrity of the wheel during Conform extrusion. FEM has also been used to 
investigate surface cracks and die design. The following conclusions can be drawn 
based on the analyses presented: 
- An efficient way to study the structural integrity of the wheel in Conform 
would be to firstly analyse the deformation of the feedstock. This will 
provide the value of the maximum pressure in the areas adjacent to the 
abutment. The pressure could then be transferred to a refined finite element 
model of the wheel using four zones of loading. Finally a simple linear static 
analysis would provide an accurate distribution of the stresses together with 
the position of the stress concentrations. Similar procedures could be applied 
for the study of the structural integrity of the coining roll, the abutment and 
the die. 
Temperature Difference (OC) 
*I- 
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- The Cockcroft and Latham criterion is a valid criterion for the prediction of 
speed cracks. The determination of the critical damage value cannot be 
solely determined by either compression or tensile testing. The inverse 
analysis method used in this study is theoretically the best solution. 
However, this requires several FEM runs and is not considered to be the most 
efficient use of time for an industrial environment. This therefore highlights 
the importance of efficient modeling. 
- Among the investigated fon-ning parameters (such as extrusion ratio, the 
temperature difference between the tool and the billet, the ram velocity and 
the billet temperature), extrusion ratio has the strongest influence on the 
initiation of surface cracks. The greater the extrusion ratio, the less possibility 
for the occurrence of surface cracks. The possibility of the occurrence of 
surface cracks increases with increasing billet temperature, ram speed and 
temperature difference between the tool and the billet. 
- The die configuration has a critical influence on the formation of surface 
defects. Using a semi-streamlined die can significantly reduce the possibility 
of the initiation of surface cracks. If no lubrication is added, the streamlined 
die results in a greater possibility of producing surface cracks in the early 
stages of the extrusion process. 
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7 Conclusions and further research 
7.1 Conclusions 
Several concluding remarks were made at the end of chapters three, four, five and 
six. The main findings of these are now summarised into the following numbered 
paragraphs. 
On the simulation of the Conform process with FEM 
The simulation of the Conform process is complex and this thesis proposes 
new techniques to investigate this. The process itself comprises a series of 
sub-processes such as the coining, the approach and formation of the upset 
zone, the extrusion of the flash, the fill up of the expansion chamber, and the 
extrusion of the extrudate. The Lagrangian form is the most appropriate 
formulation to accurately and efficiently analyse these sub-processes, 
individually or simultaneously. However this formulation is only efficient if 
it is run together with a semi-automatic re-meshing algorithm on powerful 
computers. The discretisation of the workpiece should be performed by the 
'boundary constrained Delaunay triangulation' and small features, such as 
flashes and die comers, should be represented accurately by refined meshes. 
The quality of the results is highly dependant on the quality of the 
workpiece's mesh and how well the latter fits the geometry of the dies. 
Furthermore during the extrusion of complex profiles, which require a large 
number of re-meshing, the loss of volume mesh during the simulation can 
significantly affect the accuracy of the results in terms of velocity. The 
Zener-Hollomon formulation is the most accurate equation to represent the 
flow stress in extrusion of aluminium alloys using Conform. However, 
caution must be exercised in the selection of flow stress data for the 
193 
simulation of the coining where the feedstock is relatively cold. The use of 
parallel processors or cluster computers is strongly recommended. 
2 On the innovative procedures for the simulation of some of the Conform 
sub-processes 
The evident advantage of three-dimensional modelling of the Conform 
process is the possibility to precisely simulate the volume and shape of the 
material together with the right boundary conditions. From this, 3D 
phenomena, such as material flow, temperature distribution and other 
variables, can be studied and analysed. However, plane strain FEM, both 
thermoplastic and transient thermal, can be used efficiently to predict the 
temperature of the feedstock before entering the upset zone. This process 
helps to find the optimum wheel velocity, initial grip length and rate of 
cooling. An efficient way to maintain an extrudate in a straight direction in 
simulation would be to use a ghost die both in 2D or 3D. Such a die is 
defined with a null coefficient of friction, is infinitely stiff and has the 
thermal properties of air. 
3 On the important features of Conform extrusion 
In Conform steady state is attained when the upset zone is fully formed. At 
this stage the extrusion load, temperature, and extrudate velocity converge to 
their respective maximum values and the dead metal zone is fully formed. 
Furthermore, the velocity varies linearly across the extrudate. This variation 
can be limited by reducing (or eliminating if possible) the gap between the 
wheel and the abutment/shoe assembly whilst still maintaining the aluminium 
surface in the wheel groove. The exit temperature of the extrudate can be 
controlled by adjusting the temperature of the tooling in contact with it or by 
varying the velocity. Accurate control of the exit velocity and temperature 
across the extrudate can ensure the desired material properties of the 
extrudate. The ideal material properties could also be obtained by ensuring 
consistency across the extrudate with the use of an optimum design of the 
expansion chamber, feeder plate and die. 
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4 On the optimisation of wheel design 
An efficient way to study the structural integrity of the wheel in Conform 
would be a preliminary analysis of the deformation of the feedstock. This 
will provide the value of the maximum pressure in the areas adjacent to the 
abutment. The pressure could then be transferred to a refined finite element 
model of the wheel using four zones of loading. Finally a simple linear static 
analysis would provide an accurate distribution of the stresses together with 
the location of stress concentrations. 
5 On the prediction and modelling of macrostructure 
Both the model proposed by Sellars and Zhu and the model created by Nes 
and co-workers are available for the prediction of static recrystallization. It is 
easier to perform numerical analyses using the model created by Nes et al due 
to the fact that the values of the parameters in their model can be more easily 
found in the literature. However the model proposed by Sellars and Zhu 
presents more accurate predictions. Nevertheless, the requirement of several 
tuning parameters for each aluminium alloy renders both models impractical 
for industrial use, which justifies the use of simulation by FEM. 
6 On the optimisation of die design and extrudate surface quality 
The Cockcroft and Latham criterion would appear to be a valid criterion for 
the prediction of speed cracks. The determination of the critical damage 
value cannot be solely determined by either compression or tensile testing. 
Therefore, the inverse analysis method is theoretically the best solution. 
However, this requires several FEM runs, ideally with finer meshing, and 
hence is not considered to be the most efficient use of time 
for an industrial 
environment. The extrusion ratio has the strongest 
influence on the initiation 
of surface cracks. However it is important to note that the extrusion ratio and 
velocity of the extrudate are strongly interlinked. 
The possibility of the 
occurrence of surface cracks increases with 
increasing billet temperature, ram 
speed and temperature difference between the tool and 
the billet. The die 
configuration has a critical influence on the 
formation of surface defects. 
Using a semi - streamlined die can significantly reduce the possibility of 
the 
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initiation of surface cracks. If no lubrication is added, which is not feasible in 
this process, the streamlined die results in a greater possibility of producing 
surface cracks in the early stages of the extrusion process. The use of a 
feeder plate can reduce the degree of non-uniformity in terms of shape and 
properties. 
7.2 Further research 
This thesis engages in several fields of science and engineering using modem 
software and computers. It is therefore not surprising that a number of 
recommendations can be made for further research. The main recommendations are 
summarised into the following numbered paragraphs. 
1. On the simulation of the overall Conform process 
Affordable computing power (parallel processors or clusters) is now at a 
stage where the simulation of the whole Conform process could be 
undertaken. This would involve a 3D model analysing the coining of the 
feedstock, the formation of the upset zone, the 'extrusion' of the flash, the 
feeding of the feeder plate or the expansion chamber, and finally the 
extrusion of the profile. Such a model would include a minimum of six tools 
(coining roll, wheel, shoe, abutment, expansion chamber, die) of which two 
would be rotating: the wheel and the coining roll. In order to obtain an 
accurate temperature distribution it would be necessary to mesh the interior of 
the tools. One challenging issue would be the definition of the flow stress. 
The feedstock enters the Conform machine with a temperature of 
approximately 200C and exits at about 450'C. Therefore suitable flow stress 
formulation would have to be found to deal with such a range in temperature. 
An ideal solution would be to use a physical model based on dislocation 
density, subgrain size and misorientation, to calculate the value of the flow 
stress at each increment of the analysis. 
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2. On scaling down the size of the mesh 
Scaled models can save a significant amount of computation time and still 
provide qualitative information for flow patterns. However, at present, they 
are unable to correctly predict other variables such as temperature 
distribution, strain rate or subgrain size. An obvious possibility is to 
introduce a scaling factor as a function of velocity, temperature or both. 
However the scaling of a feedstock is not as straightforward as the scaling of 
a billet. More fruitful research could therefore involve investigation of a 
'dimension scaling factor'. Such a factor would ideally be able to scale up 
results from a 2D plane strain analysis to a 3D analysis. With such increased 
efficiency in the simulation of Conform, it should therefore be possible to 
create an expert system for Conform extrusion. This system would optimise 
control parameters and process variables and would be the foundation for the 
integration of knowledge based systems and FEM. Such integrated approach 
would lead to significantly shorter lead times, better extrudate quality and 
consequently more cost effective design and production (Tisza 1999). 
3. On the use of Conform for unusual extrusion 
Industrial demands for curved profiles are increasing. The conventional 
process comprising extrusion, stretching and bending has been recently 
complemented by new concepts (Birkenstock et al 2004, K6nig and 
Muschalik 2004 and Buntoro and Milller 2004). Due to the 'natural' 
curvature of the extrudate in the Conform process it could therefore be 
possible to enhance this to produce the requisite curved profiles for industry. 
In the area of advanced profiles, reinforcing elements such as high strength 
steel wire are embedded into an aluminium. alloy during direct extrusion 
using a modified die (Kleiner et al 2004). Due to the success of the Conform 
process for the cladding and sheathing industry, it would seem likely that 
Conform could also be applicable for reinforced profiles and this would 
therefore merit further investigation. Furthermore within the automotive 
industry, there is a growing requirement for economical thin-walled sections. 
Conform could offer a competitive solution for this. 
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4. On the use of the Eulerian formulation for feeder plates and expansion 
chambers 
The simulation of feeder plates and expansion chambers with a Lagrangian 
formulation is very resource intensive. At steady state, the chambers are 
continuously filled and therefore the Eulerian approach has been shown to be 
a much more efficient method. The expert system suggested above may be 
able to provide information on both the shape of the flash and height of the 
upset zone. This predicted data would subsequently allow for a model of the 
workpiece at steady state to be simulated using only the Eulerian method. 
The reader should be aware that the Conform process runs at a steady state 
for long durations; a further factor supporting Eulerian analyses in parts of 
the simulation. 
5. On innovative finite element modelling procedures 
During the simulation of Conform those meshes which have passed the die 
land and the bottom of the extrudate subsequently become redundant. 
Unfortunately, they are still part of the overall stiffness matrix of the 
workpiece and are therefore still included in the numerous and time 
consuming calculations at each increment. One solution to reduce the 
computing time is to use a cut-off sub-routine. Such a sub-routine deletes a 
portion of mesh below a predefined plane. Unfortunately this can easily 
create mesh instability. After deletion of the elements below the plane, the 
end of the workpiece is left with a jagged surface. Every re-meshing 
procedure includes one step where nodes are 'regularised'. This means that 
the position of the node is moved against the neighbouring nodes (e. g. 
diagonal inversion, node centring) in order to improve the local mesh 
topology. The node regularisation on the jagged surface frequently produces 
poor elements. Consequently, a wrong computation of the velocity field is 
calculated resulting in incorrect thermo-mechanical calculations. This 
problem could be reduced or possibly eliminated by two actions. The first 
action would be to reduce the internal mesh size. For example in Forge 2 and 
3 the refinement of the internal mesh is controlled by a parameter ('volumic 
size factor') written inside the FE code. The second action would be to create 
a specific buffer zone around the cutting plane enabling the software to pre- 
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detect nodes which would approach the cutting plane. The nodes inside this 
zone would then be exempt from the regularisation at each re-meshing. This 
would allow the jagged surface to remain as it is without causing the analysis 
to stop. 
6. On the study of frictional interfaces 
The influence of friction within the Conform process is significant. However 
every metal forming software to date has defined friction in a relatively 
simplistic manner. The friction laws are not able to accurately describe the 
contact between the workpiece and the tools. Further research is therefore 
necessary to develop a physical friction model which could take into account 
the deformation of the asperities, surface topography, pressure, friction 
conditions, lubricants (if necessary) and the influence of temperature. 
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Appendix A 
Analyses of Conform extrusion mechanics 
Figure A. 1 and A. 2 represent an idealised geometry of the wheel- sho e-abutment 
section and the wheel groove-shoe section respectively. 
initial grip 
length 1, 
/1 
- 
r9 
01 
upset zone 
ý length lu 
Figure A. 1 Schematic of the wheel -shoe-abutment section 
shoe shoe shoe 
wheel 
(a) 
wheel wheel 
(b) (c) 
Figure A. 2 Schematic of the wheel groove-shoe section (a) initial grip contact, (b) 
upset zone contact and (c) Initial grip not in contact 
Analysis from Green and Etherington 
It is assumed that the feedstock deforms during the initial grip is such a way that the 
initial contact with the groove wall, x, is a quarter of the groove width, w (see Figure 
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A-2a). The frictional force between the feedstock and the groove wall transmits the 
wheel torque to the feedstock. The frictional force between the stationary shoe and 
the feedstock oPposes the circumferential motion of the feedstock. The net 
tangential force, F, acting on the abutment is thus: 
F= 2pucysAi = 2pucysxl, (A. 1) 
where p is the coefficient of friction between the groove wall and the feedstock, 
ucys is the compressive yield stress of the feedstock, A, is the area of initial grip, and 
1i is the length of initial grip. It is assumed that x= w/4, therefore: 
Pucyswli 
2 
(A. 2) 
The net frictional force is opposed by the abutment. For upsetting, this force must be 
sufficient to cause compressive yield of the feedstock, thus: 
F= acysAF (A. 3) 
where AF is the cross sectional area of the feedstock. Thus the following equations 
can be written: 
PC 
CYS 
wli 
acysAF =- 2 
2AF 
PW 
However it is assumed that 
AF 
-W2. hence: 
2w 
p 
(A. 4) 
This suggests that the initial grip length has to be at least twice the groove width, 
depending on the coefficient of friction. For continuous extrusion, the initial grip 
must be maintained by the continual feed of new material into the groove for 
subsequent upsetting upon arrival in the upset zone. Once the upset zone has been 
established, the frictional conditions change. The deformed feedstock becomes in 
contact with the entire surface of the groove and the shoe (see Figure A. 
2b). The 
interface thus experiences shear instead of sliding. It is in this region that sufficient 
pressure must be generated for extrusion to occur. This 
is expressed in terms of an 
overall extrusion pressure required to overcome 
homogeneous and redundant 
deformation and friction at the die. By using a similar process to that which was 
used for equation (A. 4) the following equations can 
be deri,,,, ed: 
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Pw' - 2, ryswlu (A. 5) 
where p is the extrusion pressure, rys is the yield strength of the feedstock in shear, 
and lu is the length of upset zone necessary for extrusion to start. Thus: 
pw 
2-rys 
However if the Tresca's yield criterion is applied (ucys = 2, rys ), then 1,, can be 
expressed as follows: 
pw 
07 
CYS 
(A. 6) 
By combining equations (A. 4) and (A. 6) the total length (initial grip + upset zone) 
can be written with the following equation: 
ii +lu w2+p 
,u acys 
(A. 7) 
Finally the extrusion pressure may be determined from the general expression used 
in conventional extrusion analysis. As seen in section (2.1.5.1) of this thesis, this can 
take the simplified form: 
=a+ b& In R,,, (A. 8) 
where a and b are the contribution to the redundant work and die friction, & is the 
flow stress of the material, and Rmc is the modified extrusion ratio for Conform. It is 
assumed that Rmc = w'IAE where AE is the cross sectional area of the extirudate. 
Analysis from Gorokhov etAl 
In this analysis a radial section is considered through the feedstock and tooling. It is 
suggested that the contact area over the initial grip can be more strictly determined 
by reasoning that the feedstock sectional area will remain constant. Therefore the 
following equation can be written: 
)7r 
2=W2 
-4AAOC 
(A. 9) 
where r is the radius of the original (un-deformed) 
feedstock, and AAOC is the cross 
sectional area of unfilled groove (see Figure A. 2c). 
AC can be assumed to be an arc, 
thus: 
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(W 
_ X)2 
AOC -44 (A. 10) 
Substituting in equation (A. 9) and reaiTanging: 
w- lzr 
2 
X=W- (A. 11) 
Fýý42 
Now the contact areas of the feedstock with the groove and the shoe can be 
detennined in tenns of the angles described by the initial grip, Oi , and the upset 
zones, 0,, (see Figure A. 1). 
For the initial grip the following equations can be calculated: 
The contact area with the shoe, Ais: 
Ais x(rg + wý, 
where rg is the radius of the wheel at the groove base. 
The contact area with one groove side, A 
"d' 
ig 
de 
rg +W A" x ig 2 
)0' 
The contact area with the groove base, A"' ig 
A base = xr jg go, 
Hence the total area with the groove, Ag: 
A =2A 
side +A 
base 
=X (3rg +w (A. 12) ig ig ig 
ýi 
By similar reasoning, the upset zone relations can be calculated: 
The contact area with the shoeq Aus : 
Aus = w(rg + wýu 
The total area with the groove, Aug: 
Aug = w(3rg + wý,, (A. 13) 
The total frictional force acting toward the abutment, Ff , is given by: 
Ff = Ff,, + Ff, (A. 14) 
where Ff,, is the frictional forward force generated in the upset zone, and Ff, is the 
frictional forward force generated in the initial grip length. These are defined as 
follows: 
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Ff.,, = uý, A,, g 
&,, and Ff, = p, Ag &, 
where p,, and u, are the coefficients of friction between the groove wall and the 
feedstock in the upset zone and in the grip length, respectively. 6%, and d, are the 
mean compressive yield strength of the feedstock in the upset zone and in the grip 
length, respectively. 
During the steady state extrusion, the frictional force will be balanced so that: 
Ff =F, +Fs+Fd+F (A. 15) 
where F ,, 
is the reaction force of the abutment on the feedstock, F, is the opposing 
frictional force at the feedstock and shoe interface, Fd is the frictional force with the 
die surface(s), and F is the force required for the extrusion to occur. With: 
F12&F= pi A,, &j +, u,, A,,, Fd PdAd&,, and F can be represented as a a= 14 US 
general extrusion pressure equation. 
By applying force balances in the initial grip length and upset zone, the angles 0, 
and 0,, can be calculated. In the upset zone the following equilibrium is present: 
Ff, =F+Fd+ Fs, (A. 16) 
where F,. is the frictional force generated in the upset zone at the feedstock and shoe 
interface and F,,, = p,, A., d7.. Therefore, equation (A. 16) can be written as follows: 
pý, Aug du = (F + Fd 
)+ pu Aus o7u 
=> pu 5; *u w(3rg + wýu = 
(F + Fd + p,, 6; 'u w(rg +A 
which gives: 
OU = 
(F + Fd) (A. 17) 
2 pu d;,, wrg 
The angle described by the initial grip, 0, , is derived 
from the requirement that the 
length of the initial grip must generate sufficient frictional force to cause upsetting 
when the feedstock first impinges on the abutment. Hence: 
Ff, =F+F,, 
(A. 18) 
a 
where F,, is the frictional force generated in the initial grip zone at the 
feedstock and 
shoe interface and F, =pjAj, &,. Therefore, equation 
(A. 18) can be written as 
follows: 
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pi Ag w'&,, +, u, Aj, 67i 
Wý 
2 
=> P, &, x(3rg +i=W &U + JU, 07, X 
(rg 
+w 
which gives (assuming that 5: ', , ztý 
oi =w (A. 19) 
2p, xrg 
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Appendix B 
Cauchy stress tensor, invariants and yield criterion 
The Cauchy stress tensor 
The Cauchy stress tensor [aj where i, j=1,2,3orx, y, z, is symmetric and is 
represented by nine components as: 
al 1 
0721 U31 Ux T 
YX 
Tzx 
[7y 
612 (722 0732 T"XY 
Y ZY 
(713 U23 U33 
- 
lrxz T 
YZ 
uz 
The invariants 
(B. 1) 
The stress may also be specified by the three principal components: the three tensor 
invariants (Hosford and Caddell 1983,28-3 5). The principal stresses (a, 9 c2, (73) are 
the roots of the cubic equation: 
a3 _j1072 - 
j2 ýT - 
j3 --": 0 (B. 2) 
where J,, J2 and J3 are the three invariants of the stress tensor [ au ] and they are 
independent of the direction of the axes chosen. They are defined by the relations: 
J, = a., + Cr Y +a z= 07 1 +U2 +073 
J= 
47X 
(T + 07 a+ 07 a 
x)+1.2 
+, r2 +, r2 = -(CIU2 + U2C3 + C3UI (B. 3) 2YYzz XY YZ zx 
J3 :- uxu u+ 2z- rr-u1,2 _uT2_CT2 =07C a Yz XY YZ ZX x YZ Y zx z XY 123 
For isotropic materials, such as aluminium alloys, plastic yielding can depend only 
on the magnitude of the three principal stresses 
(UOU2, 
U3) and not on their 
directions. Thus any yield criterion can be expressed as follows: 
(JI 
9 
J2 
9 
J3 ): - C (constant) (B. 4) 
The first invariant (JI /3) represents the hydrostatic pressure. Although this pressure 
may increase ductility it does not contribute to deformation. 
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Tresca yield criterion 
The criterion postulates that yielding will occur when the largest shear stress reaches 
a critical value. Therefore: 
al -C3= C (constant) (B. 5) 
with al : 2! U2 ý! U3' The constant may be determined from simple states such as 
uniaxial tension (o7 I =Y= yeild strength, C2 =a3 =0) and pure shear 
( ul =k =shear yield strength, C2 = 
09 U3 = -a, 
). 
becomes: 
al -U3 =Y=2k 
Therefore the Tresca criterion 
(B. 6) 
Von Mises criterion 
The criterion postulates that yielding will occur when some value of the root-mean 
shear stress reaches a constant such as: 
(071 
- C2 
)2 
+(07 
2 -073 
)2 (073 
_ 071)2 =C (constant) (B. 7) 
The constant may be determined from simple states as described above. Therefore 
the criterion can be written as: 
(Ul 
- U2 
)2 
+ 
(U2 
- U3 
)2 (U3 
_ Ul 
)2 
=2 y2 = 6k 
2 (B. 8) 
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Appendix C 
Experimental data for AA2014 and AA7075 
AA2014 (Veirod 1983) AA7075 (Sheppard and Jackson 
1997) 
Strain 
rate 
(S-1) 
Temperature 
(K) 
Experimental 
flow stress 
(MPa) 
Strain 
rate 
(S-1) 
Temperature 
(K) 
Experimental 
flow stress 
(MPa) 
1 0.032 573.15 50.23 0.008 533.15 106.71 
2 0.032 623.15 32.69 0.008 573.15 72.68 
3 0.032 663.15 23.37 0.008 613.15 53.48 
4 0.032 703.15 17.06 0.008 653.15 56.22 
5 0.032 748.15 12.34 0.008 693.15 32.62 
6 0.305 664.15 38.05 0.08 533.15 144.02 
7 0.305 704.15 28.67 0.08 573.15 103.41 
8 0.31 749.15 21.26 0.08 613.15 75.43 
9 2.507 576.15 93.13 0.08 653.15 56.22 
10 2.633 630.15 69.46 0.08 693.15 49.09 
11 2.669 668.15 55.83 0.8 533.15 175.85 
12 2.687 706.15 44.64 0.8 573.15 130.85 
13 2.76 750.15 34.64 0.8 613.15 103.41 
14 8.567 670-15 66.65 0.8 653.15 80.91 
15 8.567 709-15 54.28 0.8 693.15 67.74 
16 8.567 751.15 43.41 8 533.15 191.77 
17 28.443 585-15 115.23 8 573.15 154.45 
18 28.443 633.15 93.45 8 613.15 127.56 
19 28.4AII 13 633.15 
93.45 8 653.15 104.51 
20 28.768 584.15 115.85 8 693.15 93.54 
21 29.129 673.15 78.27 80 533.15 203.29 
22 77 29.4,2 709-15 66.4 80 573.15 182.44 
23 T) 29.4,2 753.15 54 80 613.15 156.65 
24 - - - 
80 653.15 139.09 
25 80 693.15 124.82 
TableCl Experimental data for AA2014 and AA/U/: ) 
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Appendix D 
Derivation of the flow stresses 
Norton-Hoffpower law 
+M m 07 power p, e 
61T 
N-H -1"0 
au power 
PIT +M . M-1 N-H 
*= mKoe 
(V3 
c (D. 2) ac 
power power 
N-H N-H 
Im. (D. 3) L9 cc 
Hansel-Spittel law 
cH-s =Ae 
mIT c 
M3 (D. 4) 
aCH-S 
T -IM3 -1 
-.! - 
=M 3Aeml c (D. 5) ac 
=> 
aCH-S 
m 
(TH-S 
(D. 6) 3 -1. ae 6 
Zener-Hollomon flow stress 
Z =, ce 
AHIGT 
= A(sinhaUZ-H 
)n (D. 7) 
iDz 
=e 
AHIGT 
az )n-1 
(D. 8) 
aUZ-H wiA(sinh auz-, 
(cosha'7Z-H) 
=> 
auz 
. 
-H - 
aUZ-H 
- 
aZ 
- 
[anA(sinhaUZ-H)'-'(coshao7z-H)ý'e AHIGT (D. 9) 
az ac- 
=> 
aUZ-H 
- 
(tanh 
atTZ-H 
) 
(D. 10) 
anc 
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Appendix E 
Data rile for Conform extrusion in 3D 
........................................................ 
File Type: FORGE3 V7.0 Data File 
Creator: GLPre Version 2,3,0,26-Release 
! Author: Xavier Velay 
! Creation Date: 
! GLPre active language: English 
System language: English (United Kingdom) 
Data File Name: no flash. ref 
Data File Location: D: \F3\Conform3Dghost. tsv\No Flash\' 
................................................ 
1 OBJECTS Block 
. OBJETS 
ProjectName = Conform3Dghost 
SimulationName = No Flash 
Fout = no flash. out 
Fres = results\no flash. res 
Faux = results\no_flash. vtf 
NBSD =1 
objet 1, NAME=feedstock 
objet 1, FMAY=feedstock. may 
objet 1, NomGen=results\feedstock_ 
objet 1, rheol=1 
outil 1, NAME=shoe 
outil 2, NAME=die23 
outil 3f NAME=abutment 
outil 4f NAME=ram 
outil 5f NAME=ghost-die 
. FIN OBJETS 
APPROXIMATION Block 
. APPROXIMATION 
Periode Meca =1 
. FIN APPROXIMATION 
UNITS Block 
. UNITES 
MM-MPA-MM. KG. S 
. FIN 
UNITES 
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RHEOLOGY Block 
. RHEOLOGIE 
MATERIAU 1 (object feedstock) 
EVP 
LOIV SIGO 
ZENER-H 
PAR DH = 141550. dO 
PAR R=8.314dO 
PAR alpha = 0.04dO 
PAR n=5.385dO 
PAR A= 5910522063.02dO 
FIN LOI 
Mermal coefficients 
mvolumique = 2.8000OOe-06 ! Density 
cmassique = 1.230000e+09 ! Specific Heat 
conductmat = 2.500000e+05 ! Conductivity 
epsilon = 5.0000OOe-02 ! Emissivity 
I -------------------------------- 
OUTIL1 'Shoe 
! Friction between deformable object and rigid die 
Tresca ! Friction Law 
mbarre = 9.0000OOe-01 
! Thermal Exchange between part and rigid die 
! Unit = si 
alphat 10.000000e+03 Transfert 
coefficient 
Effus = 9.590E+03 tool effusivity 
Temp = 478.000000 
FIN OUTIL 
I -------------------------------- 
-------------------------------- 
OUTIL2 ! die23 
Tresca ! Friction Law 
mbarre = 4.000000e-Ol 
! Thermal Exchange between part and rigid die 
! Unit = si 
alphat 10.000000e+03 Transfert 
coefficient 
Effus = 9.590E+03 tool effusivity 
Temp = 478.000000 
FIN OUTIL 
-------------------------------- 
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-------------------------------- 
OUTIL3 labutment 
! Friction between deformable object and rigid die 
Tresca ! Friction Law 
mbarre = 9.0000OOe-01 
! Thermal Exchange between part and rigid die 
! Unit si 
alphat 10.000000e+03 Transfert 
coefficient 
Effus 9.590E+03 tool effusivity 
Temp = 478.000000 
FIN OUTIL 
-------------------------------- 
-------------------------------- 
OUTIL4 ! ram 
! Friction between deformable object and rigid die 
Tresca ! Friction Law 
mbarre = 9.0000OOe-01 
Mermal Exchange between part and rigid die 
! Unit si 
alphat 10.000000e+03 Transfert 
coefficient 
Effus 9.590E+03 tool effusivity 
Temp = 478.000000 
FIN OUTIL 
-------------------------------- 
------------------------ 
OUTIL5 ! ghost die 
! Friction between deformable object and rigid die - 
sliding 
Tresca Friction Law 
mbarre = 0.0 
! Thermal Exchange between part and rigid die - 
adiabatic 
! Unit = si 
alphat 0.000000e+03 Transfert 
coefficient 
Effus = 9.590E+03 tool effusivity 
Temp = 50.000000 
FIN OUTIL 
I -------------------------------- 
. 2112 
! Thermal Exchange between deformable object and air 
AlphaText = 1.000000e+001 Global 
Transfert Coeff. 
TempExt = 50.000000 Ambient Temperature 
! Initial temperature has been set in mesh file: 
already exists in mesh file 
..................... 
FIN MATERIAU 
111111111111111111111 
. FIN RHEOLOGIE 
TOLERCONV Block 
. TOLERCONV 
. FIN TOLERCONV 
INCREMENT Block 
. INCREMENT 
Deformation= 1.0000OOe-002 
. FIN INCREMENT 
EXECUTION Block 
. EXECUTION 
Inertia 
dhSto = 2.000000e+000 
Calcul Outillage 
NO Folds Detection 
. FIN EXECUTION 
THERMAL Block 
. THERMIQUE 
FIN THERMIQUE 
MESH BOXES Block 
. BOITE 
OBJET1 
BOX 1 
Type=10 BOX 
Lagrangian 
Die= 1 ! shoe 
Size= 2 
! Param Info: NbPar, Xminr Yminr Zminj Length, Width, 
Height 
Parameters:, 6,0,0,0,50,27F 14 
Matrix: f 1,0,0, -2, 
Of 1,0, -2, 
ý13 
0,0,1, -12, 
00, of of 1 
END BOX 
BOX 2 
Type=20 CYLINDER 
Lagrangian 
Die= 1 ! shoe 
Size= 0.4 
! Param Info: NbPar, Xcenter, Ycenter, Zcenter, Rext, 
Rint, H 
Parameters: , 6,0,0,0,8,0,11 
Matrix:, 5.96046e-008,0,1,19, 
0'. 1" of lor 
-1,0,5.96046e-008,0, 
0" 0" 01,1 
END BOX 
FIN OBJET 
. FIN BOITE 
REMESHING Block 
. MAUTO 
OBJET1 
periode = 10 
lbase =5 
FIN OBJET 
. FIN MAUTO 
KINEMATICS Block 
. CINEMAT OUT 
Outi14 ram 
maitre 
Axe =2 
Fin Outil 
. FIN CINEMAT 
OUT 
. PILOT 
NbPass= 1 
Passl 
Fin Pass 
. FIN PILOT 
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Appendix F 
Properties, constants and parameters of some aluminium alloys for thermo- 
mechanical calculations 
Properties Value 
M-3) Density (kg 2700 
M-3 Density (kg ) AA60636- 2810 
Poisson's ratio 0.3 
Poisson's ratio AA60635 0.35 
Table FA Density and Poisson's ration from Macey and Salim (1988), Gasiorczyk 
and Richert (2000)8-, and Lof and Huetink (2000)$ 
Properties Value 
Heat transfer coefficient billet/tooling (W. M2 K-') 10000 
Heat transfer coefficient billet/air (W. M2 K-') 10 
Table F. 2 Heat transfer coefficients from Dashwood et al (1996) and Gasiorczyk 
and Richert (2000) 
Temperature ('C) 0 20 100 300 500 658 
Temperature (K) 273 293 373 573 773 931 
Specific heat (heat capacity) (J. kg-'. K-') - 900 935 1020 1110 1130 
Specific heat (heat capacity) (J. kg-'. K-') 
(285TO . 205)* 
900 913 960 1048 1114 1157 
Thermal conductivity (W. m-1. K-) - 210 218 222 230 230 
Thermal conductivity (W. m-'. K-1) 
(665T-0- 17) * 
256 
- 
253 243 226 215 208 
Thermal expansion coefficient (10-6) 23.4 - 23.4 - 27.0 - 
Thermal expansion coefficient (10-6) 
(1.02TO* 142) * 
22.6 22.9 23.6 25.1 262 26.9 
Table F. 3 Specific heat, thermal conductivity and thermal expansion coetticient 
from Mollerberrid et al (1996) and Macey and Salim (1988)* 
Temperature ('C) -29 24 100 204 450* 5001 600 
Temperature (K) 
Modulus of elasticity (109. N. m- 
244 
71.4 
297 
70.0 
373 
68.6 
477 
63.0 
723 
49.0 
773 
40.0 
873 
41.7 
Table FA Modulus of elasticity trom molieroema er ai ýi Yyo), macey ana 3ailm 
(1988)*, and Lof and Huetink (2000)$ 
Constant Value 
a 0.171 
b 1.86 
c 0 
d 
_ i 38.7 
1 6.9 
Table F. 5 Constant parameters for strain rate calculation with AA2014 (Peng et Al 
2004) 
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parameters value 
CI/M 
GB xio xio 
Cd 2.6x 10-6 
615 7x I 0-'OZ 
Do 50 Ion 
G 2.05xl0l"MPa 
b 2.86x I 0-'um 
- --- - 
A 10 
Fl 
M - 
2 
(50 
10-6M 
00 00 
co 
I 5xlO-"' Z"' 
IlRg 5xI 0-4 M-1 
C, 3xI 07 M-1 
C2 2.09xl 012 Pa-'s-1 
D 2.347 
Table F. 6 Constants and parameters for the microstructural models (Duan and 
Sheppard 2003) 
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Appendix G 
Supportive calculations for the temperature evolution of the feedstock in the 
groove 
Calculation of the temperature of the surrounding air 
Figure G. I shows a schematic diagram of the groove. 
Pair 5.9mm 
Figure G. 1 Schematic diagram of the groove 
It is assumed that the quantity of heat gained during a time t by the volume of air is 
equal to the heat transfer to the air by conduction during that time. Therefore the 
following equation, based on heat transfer theories, can be written: 
(Tj w- 
Tf4) 
Cp 
(air) 10air 
Vair (TfA- TA) = tkairA 'd (G. 1) 
The parameters are listed in Table G. 1. 
Equation (G. 1) can be re-formulated as follows: 
TfA 
= 
tkairATw+ Cp(air)IOairVairdTA (G. 2) 
tk, irA+ 
Cp 
(air))Oair 
Vaird 
By inputting the values from Table G. I into the equation (G. 2) the temperature of the 
air in the groove can be calculated as approximately I 10 0 C. 
217 
Symbols Description Value 
A area of contact between the groove and air 678.5xl 0-6M2 
Cp(air) 
specific heat of air at 50'C with constant pressure 1005J. kg- I K- 
d half of the groove width 5.25xl 0-3M 
kair thermal conductivity of air at 50'C 27. IXIO-3W. M- 'K-1 
t time 0.38s 
TfA final temperature of air in the groove to be calculated 
TA initial temperature of air in the groove 20'C 
Tj w initial temperature of the wheel 384'C 
Vair 
volume of air in the groove 3.5 6x I 
0-6M3 
Pair air density at 50'C 1.127kg/m 
3 
Table G. 1 Parameter for heat transfer calculations 
Geometrical calculations of the coining process 
Figure G. 2 shows a schematic diagram of the coining process. The grey area 
represents the feedstock and the curved section a portion of the coining wheel. r, is 
the radius of the coining roll, a is the angle of contact between the coining roll and 
the feedstock, and h is the height of the sector formed by the angle '2xa'. 
Figure G. 2 Schematic diagram of the coining process 
218 
The following equation defines the height, h: 
h= 2r, (1 - COSa) (G. 3) 
therefore 
ACOS I- 
h (G. 4) 
2 r, 
With h=2.1 mm and rc = 66mm, a= 10.23'. 
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Prediction of Material Flow Pattern in the Hot Extrusion of Aluminium Alloys by 
the Finite Element Method 
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Abstract. Understanding the material flow pattern in the hot extrusion of aluminium alloys is useful 
for a better control of the process. The material flow pattern is greatly affected by the friction 
between the tool and billet interface. In this communication, an inverse analysis method is firstly 
adopted to match the calculated extrusion force with the measured force by treating the friction law 
and the friction coefficient as free parameters. Three widely accepted friction laws are investigated: 
Tresca friction, Coulomb friction and viscoplastic friction. The use of Tresca friction is shown to 
yield more accurate results and explanations than the other models. The influence of the constitutive 
laws on the material flow pattern is emphasized. It is found that the use of the elasto-plastic model 
gives a much better prediction than the use of the visco-plastic model. It is also found that the 
quasi-static deformation is not fully established until a short time after the peak load has occurred. 
Introduction 
In the numerical analysis of metal forming processes, the selection of the friction law and the 
determination of the friction coefficient has a great effect on the computed results, such as the 
material flow pattern, the computed load, the microstructural evolution and the product surface 
quality [ 1-2]. In spite of its complicated mechanics, the friction condition is always simplified by a 
simple friction law, and a constant friction coefficient in the finite element analysis. Various 
experimental methods have been proposed to determine the friction cocfficient (factor) [3-5]. The 
present paper focuses on the determination of the most suitable friction law and friction coefficient 
for the hot extrusion of aluminium alloys. Aluminium hot extrusion processes have the following 
characteristics: non-full film lubrication, use of a flat faced die, a very high pressure and a substantial 
temperature rise from the beginning to end. These features indicate that the friction coefficient 
cannot be simply determined from the usual ring test. 
Previous simulation work has shown that the peak load in the hot extrusion of alurrunium alloys is 
reached before the die land region is fully filled [6]. The dcad-metal-zone (DMZ) is also established 
at this stage [7]. The results of these analyses do not agree with the experimental observations 
by 
Tutcher and Sheppard [8,91. Tutcher observed that (a) a considerable length of the material 
had been 
extruded before the peak load was attained and N the DMZ was only 
beginning to be identified 
when the peak load was reached. This indicates the necessity to re-simulate the extrusion process 
with greater attention to these areas. 
In this work, an inverse analysis method is adopted to match the calculated extrusion 
force with the 
measured force by treating the friction law and the 
friction coefficient as free parameters. Three 
3808 THERMEC'2003 
widely accepted friction laws are investigated: Tresca friction, Coulomb friction and viscoplastic 
friction. The influence of the selected constitutive laws on the material now pattern is then 
discussed, The material pattern in each stage of the load displacement curve is finally examined and 
compared with the experimental observations [9]. 
Finite element code and the experimental work 
The commercial finite element code, FORGE20, was used. This program is developed by 
TRANSVALOR S. A. It is a thermal-mechanical coupled program with automatic remeshing 
capacity. The heat dissipation due to plastic deformation and friction work was considered in all 
analyses. 
The initial billet length is 95mrn with a diameter of 073mm. The container diameter is 075mm. A 
flat-faced die with a land length of 5mm is used. The extrusion ratio is 40: 1. AA2024 is used for the 
evaluation of friction law and friction coefficient (or factor). The flow stress data of this alloy is 
taken from the material database of FORGE21D and expressed in the form of Hensel & Spittle 
equation. The experimental results are taken from Subramaniyan's PhD thesis [10]. The initial billet 
temperature is 663K. The container temperature is 50K lower than the initial billet temperature. The 
die and ram temperatures are I OOK lower than the initial billet temperature. A constant ram speed of 
5mm/s is used throughout the whole extrusion process. The measured peak load is 3.94MN. 
AA5456 is used for the study of the material's flow pattern (results are shown in Fig. 5). The initial 
billet temperature is 723K. The die and ram temperature is 573K. The ram speed is 5mm/s. 
Results analysis and discussion 
Friction law. The extrusion load is affected by the alloy composition, the length and temperature of 
the billet, the tools (i. e. ram, container and die) temperature, friction and the type of extrusion 
(direct, indirect or hydrostatic extrusion). Among these factors, the friction coefficient is the most 
difficult parameter to be accurately defined. Three types of friction law are commonly used in the 
simulation of metal forming. 
The Trescafriction law is written in the following form: 
r= mao /, [3-. (1) 
Where ao represents the yield stress, m is the friction coefficient, 0:! ým:! ý I and m=1 correspond to the 
sticking condition. 
The viscoplasticfriction law Is written in the following forim: 
-r = oKAV" (2) 
Where cc (0-< a<-I) is a viscoplastic friction coefficient, which is a function of the normal interface 
stress. K is the material consistency and p is the sensitivity parameter to the sliding velocity. 
The Coulomb friction law used in FORGE2@ can be written as: 
r= PC, whenpa,, < oro / %(3- 
Moro when pa,, > cTo / Nf3. 
(3) 
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With this relationship, the frictional shear stress is equal to the normal stress multiplied by the 
friction coefficient ýi, or to a fraction of the maximum shear stress sustainable by the material. 
Determination of the friction coefficient. For the extrusion process introduced above, the friction 
coefficients are derived by comparing the computed peak load with the measured value. With the 
exception of the friction law, each computational parameter, including the mesh, material properties 
etc., are held constant. The derived friction coefficients were g=0.1, m=0.9 and a=0.5 for the 
Coulomb friction law, Tresca friction law and viscoplastic friction law respectively. It is clear that 
the friction coefficient changes when the same extrusion condition is put under different friction 
laws. A lower value of friction coefficient is obtained for the Coulomb law than the other two 
friction laws. It can be attributed to the fact that a higher normal stress acts on the tool/billet 
interface (see Fig. I for the distribution of normal stress on the inner container surface). Surprisingly, 
the normal stress is more than 10 times that of the frictional shear stress. In other words, the normal 
stress is roughly equivalent to 10 times the current flow stress (see Eq. 1). According to Eq. 3, it is 
understood that g must be less than 0.1. In aluminium extrusion, it is very unusual to attempt full 
lubrication, especially for those aerospace products which require very high surface quality and 
mechanical properties. Sticking friction is always assumed at the billet/container interface. However, 
for such a sticking condition, the derived friction coefficient for the Coulomb friction law is less 
than 0.1. This does not fit with normal understanding. 
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Figure 2 Influence of the friction 
law on the extrusion load 
The computed extrusion load as the material traverses the dic orifice is shown in 
Fig. 2. As 
expected, the extrusion load increases gradually in the process of upsetting. 
Once the container is 
filled the load starts to rise rapidly and reaches the peak value. However the gap is not 
filled 
completely as there is still a small amount of space at the right 
lower billet / container junction. At 
this point, the extrusion load decreases slowly with 
increasing displacement of the ram. This is due 
to the fact that the billet length within the container is getting shorter, as 
does the contact length. 
Another important factor is the rise in temperature due to plastic deformation and the 
ffiction work. 
From Fig. 2, it can be seen that Coulomb friction 
law and Tresca friction law predict nearly the 
same peak load. The viscoplastic friction law presents the 
lowest peak load of 3.3MN. For Tresca 
and Coulomb friction laws, the calculated peak 
load is 3.7MN. The relative error compared with the 
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measured peak load 3.94 MN is 6.3%. The error for the viscoplastic friction law is 15.5%. The 
curves of all three friction laws show nearly identical shapes, predicting the same time to reach the 
peak load. The difference between the Coulomb friction and Tresca friction curves lies in the early 
stages of extrusion. At that period the normal stress is not high and therefore the frictional stress is 
low. Once the frictional stress is greater than the shear yield stress ((ToN3), Coulomb friction uses 
the same expression as the Tresca friction (seeEq. 1 and 3). Therefore, it can be seen that the two 
friction laws give the same prediction. In general, it can be concluded that the Tresca friction law is 
the most suitable one for the simulation of hot extrusion using FORGE2'ý'. 
(a) Point A (b) Point B (c) Point C (d) Point D 
Figure 3 The relationship between material flow and the extrusion/time curve 
Material flow. The load/stroke curve has been discussed in the literature by both experimental 
observation [8,9] and finite element analysis [6,7]. Fig. 3 shows the flow of a viscoplastic material 
(ignoring the effects of elasticity) at different stages of the extrusion (i. e. point A, B, C&D in 
Fig. 2). Point A represents the moment when the billet just starts to contact the container (see Fig. 3a) 
and point B represents the moment when the billet/container gap is nearly filled (see Fig. 3b). The 
peak load is attained when the material traverses the die orifice but is still within the die land (see 
Fig. 3c). Fig. 3d corresponds to point D. Konopleva and McQueen [6] gave the same description of 
the relationship between the load and the material flow in their simulation by the use of DEFORM40, 
another commercial FEM code. 
However, the above prediction does not agree with the experimental observation [8,91. Sheppard 
and Tutcher's measurement of the load/stroke is replicated in Fig. 4. From this figure, we can clearly 
see that the extrudate has already formed before the peak load is attained. Therefore, we can 
conclude that the load/stroke curve predicted by the viscoplastic flow rule does not reflect reality. 
The reason may be attributed to the early softening phenomenon of the deformed material. When 
the elasto-plastic type of analysis was adopted for the same extrusion process, the computed flow 
pattern expressed by the deformation of the grids (see Fig. 5) fits very well with Sheppard and 
Tutcher's experimental observation. It should be noted that the three-node triangle element is used 
in all of the simulations in the present paper. The square shaped grids presented in 
Fig. 5 are not 
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elements. The corresponding locations of the four points in the load displacement cune are the 
same as presented in Fig. 3. 
The length of the extrudate outside of the die land in Fjg. 5C s 13mm. With an extrusion ratio of 
40: 1, this corresponds to a ram displacement of approximately 0.33mm, In other words, the current 
contact length between the tool and the billet is 0.33mm less than the maximum contact length. The 
peak load is not attained when the contact length is at its maximum. This delay effect may be 
attributed to the strain hardening influence. Although it is always argued that the material flow 
behaviour of aluminium alloys under hot working conditions can be well represented by the 
viscoplastic flow rule, the present study indicates that we should use the elasto-plastic flow rule 
when we study the material flow. The computing time using the elasto-plast1c flow rule is 
approximately twice that of the use of the viscoplastic flow rule and there is no noticeable 
difference in the computed peak load. This may explain the reason why the viscoplastic flow rule is 
commonly applied in the simulation of bulk deformation. 
5 
r 
Stage I Stage 2 
Stage 7 Stage 4 Stage 5 
Figure 4 Material flow pattern and the load displacement curve [9] 
The macrostructure changes in Fig. 4 show that at stage 6 the quasi-static 
deformation zone is about 
to be established and the DMZ is also identifiable. By stage 
7, both the quasl-static deformation 
zone and the DMZ are fully established. Two intensive shear zones can also 
be clearly recognised. 
Stage 6 
3812 THERMEC'2003 
From the deformation of the grids presented in Fig. 5c and Fig. 5d, it can be seen that the use of the 
elasto-plastic flow rule shows an excellent agreement with the experimental observations. 
(a) Point A (b) Point B (c) Point C (d) Point D 
Figure 5 Material flow pattern predicted by the use of elastic-plastic constitutive law 
Summary 
I The most suitable friction law for the analysis of the aluminium extrusion process is the Tresca 
friction law. 
2 The visco-plastic flow rule and the elasto-plastic flow rule produce nearly the same extrusion 
peak load. The computing time when using the visco-plastic flow rule is much shorter than that 
of the elasto-plastic flow rule. However, the position at which the peak load is obtained cannot 
be accurately predicted by using the visco-plastic flow rule. The load/stroke curve given by the 
elasto-plastic flow rule agrees well with the experimental observations. 
3 The deformation zone is not fully established until a short time after the peak load has occurred. 
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A discussion of the scaling effect in numerical 
0w- simulation of the extrusion process 
Z. Peng, T. Sheppard and X. Velay 
The main objective of the work of this paper is to study the possibility of using a small scale geometrical model in the 
numerical simulation of aluminium extrusion. The advantages and shortcomings of the application of the 
geometrically similar model in FEM simulation are discussed. Thermal -mechanical and metallurgical combined 
simulations are performed within two tests using geometrically similar models and assessment is made in terms of 
mechanical and material properties. It was found that small scale simulation could not reproduce most of the important forming parameters of the original process, although it could help to bring about significant savings in 
computation time. NIST/6169 
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Introduction 
Currently, computer modelling and simulation of the 
material forming process has been developed to the point 
that it may be used to solve industrial problems. It is often 
treated as a universal tool in all problems of metal forming 
processes. Taking a general view of the present state of the 
art in terms of numerical modelling, it appears that the finite 
element method is most suited to the three dimensional 
analysis of material forming processes. In fact, the finite 
element method can take into account practical nonlinearity 
in the geometry and material properties, besides producing 
accurate predictions of stress, strain, strain rate and 
temperature throughout the deforming billet. However, in 
some cases, this stage is extremely time consuming and there 
are limitations, which could cause fault in the design 
process. Physical simulation, in which a scaled down 
process is adopted, would result in the time spent in 
design to be significantly reduced. It is therefore of great 
interest to investigate if a small scale model can be adopted 
in numerical simulations. The relevant question that is 
frequently being asked concerns the accuracy between 
simplified modelling and simulation. ' When some simpli- 
fication (for example, a smaller scale but geometrically 
similar process) is adopted, will the simulation still be of 
sufficient accuracy? Can the simplified simulation reproduce 
most of the important forming parameters of the real 
process? 
It should also be borne in mind that at the present time, 
the trend of numerical simulation is not only coupled 
thermally and mechanically, but also combined structurally 
or metallurgically. By empirical and physical means, a 
modest degree of prediction of microstructure can now be 
achieved. Excellent reviews on modelling of static recrys- 
tallisation (SRX) have been given by Gottstein et aL2 and by 
Shercliff and Lovatt. 3 Recently, the inverse method 
combined with FEM has been adopted to integrate those 
values of parameters reported in the literature. The FEM is 
run iteratively until the appropriate value is found to match 
the experimental measurement. Duan and Sheppard 
4 have 
used the inverse method to give the parameters 
for alloy Z4 
2014. 
In the present paper, the pos i 
sibility of the application of a 
small scaled model into numerical simulation of extrusion is 
discussed. it was found that. although the small scale model 
is effective in saving computing time. there are some serious 
deviations in the simulation results. This indicates that this 
method is not suitable for the simulation of aluminium 
extrusion. 
FEM setup 
The composition of the material used in this study is shown 
in Table I and the main simulation tooling is shown in 
Table 2. Two simulations of rod extrusion were performed 
and the billet size in run 2 was 2-5 times smaller than that in 
run 1, in terms of diameter and length. In these two 
simulations, the extrusion ratio was 20, the ram speed was 
12-4 mm s- 1, the initial temperature of the billet was 350'C 
and the container temperature was 50'C lower than the 
billet. 
The FEM program, FORGE2 is used in the present 
study. It is a process simulation tool based on the FEM. The 
hyperbolic sine function was integrated into the FEM to 
describe the material behaviour. The constitutive equation 
can then be written as 
i (z 2 
In 
A+ A) 
+ 
a (Z) 
where a, A, n are temperature independent constants. d is 
the flow stress. Z is the Zener - Hollomon parameter and it 
is written as 
Z=ý exp(AHIGT) ........... (2) 
where E is the mean equivalent strain rate, AH is the 
Table 1 Chemical composition of 2014 (balance Al) 
Mg Si Ti Cr Mn Fe Cu Zn 
0.20-0-8 0-50-1-2 0-15 0-10 0-40-1-2 0-7 3-9-5.0 0-25 
Table 2 Tooling of FEM model (as shown in Fig. 1) 
Run Billet length, mm Billet d'arneter, rnm 
1 95 75 
2 38 30 
DOI 10.1179/026708304225022142 
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Radius 
Length 
1 Reference grid pattern (undeformed) 
activation energy, T is the temperature and G is the 
universal gas constant. For aluminium alloy AA 2014' 
AH = 144408 KJ mol - 1, Lx = 0.0 152 M2 MN-1, n=5-27, 
In A=24-41. 
The Tresca friction law is adopted in the numerical model in 
this study. This is written in the following form 
T= -M (3) 
where T is the friction shear stress, E, represents the flow 
stress, m is the friction coefficient, which is in effect a 
percentage of that which would represent sticking condi- 
tions. In this study, because the extrusion temperature is not 
high, m=0-85 was adopted. 6 
Discussion 
In the following sections, the thermal -mechanical and the 
structural combined simulation results of the two runs are 
compared. The discussion concerning the computation time 
and material flow pattern were presented first. 
MATERIAL FLOW PATTERN 
Previous studies have confirmed that FEM simulation is 
effectiý, e in predicting the material flow pattern. Arentoft 
et al. ' have studied the matenal flow in axi-symmetric 
extrusion with physical and two dimensional FEM simula- 
tion. Some studies in multi-hole die extrusion by three 
dimensional FFM simulation have also been published by 
the present authors. ' In this study, a reference grid pattern 
was adopted to study the material flow pattern, as shown in 
Fig. 1. The simulation results of run I and run 2 are shown 
in Figs. 2 and 3 respectively. 
As can be seen from Figs. 2 and 3, although the billet 
sizes are different in these two runs, the simulation results of 
the material flow pattern are similar. The different 
deformation areas can be shown clearly in both of these 
two runs and the predictions correspond well with the 
experimental results, 9 which are shown in Fig. 4. The 
complete computation time of the first run is about 25 
h 
while in run 2, the total time is not more than 15 
h. It is 
evident therefore that the computation time can be 
significantly saved (40%) with a small scale simulation 
and the simulation result is still approximate compared with 
2 Simulation result using the full size billet 
the material flow pattern of the original process. In fact, it is 
worth noting that small scale simulation has been used in 
the field of physical simulation, in which soft materials were 
adopted in experiments and the cost of design was then 
significantly saved. 2 However, the majority of the cases 
reported in the literature show that the usage of physical 
modelling is limited to qualitative analyses of the material 
flow. 
It has been pointed out by Arentoft' that the basic 
problem lies in the transferral of the model experiment 
results to reality. In the case of extrusion, in which 
temperature rise is significant and strain rate is quite 
high, more important factors in addition to the material 
flow need to be considered, for example, the structure 
evolution. To ensure accurate results and interpretation, the 
model and the real process must be similar. For metalwork- 
ing processes the following important similarity conditions 
must be created: 10 ,II geometrical, plastic, frictional, ther- 
mal, elastic and dynamic. The fulfilment of all of these 
conditions is practically impossible. In most cases, the first 
four conditions are the most important, although they are 
also perhaps the hardest to fulfil. Therefore, it is essential to 
determine and select which material properties and process 
parameters are the most relevant for the purpose of the 
experiment. 
During the process of extrusion, the press load, 
temperature rise, surface quality and extrudate mechanical 
properties are the most important factors to be considered. 
if any simulation is applied in extrusion, it has to be 
effective in predicting all of the above factors. In the 
following sections of this study, the analysis results of these 
forming parameters in the small scale simulation are 
discussed. 
-- 
- 
3 Simulation result using the small scale billet 
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Stage I 
Stage 2 Stage 3 
4 Experimental result of the material flow pattern after Tutcher and Sheppard9 
MECHANICAL AND STRUCTURAL 
SIMULATION RESULTS 
Firstly, the simulated instantaneous strain rate distributions 
(ln(ý)) in these two runs are compared as shown in Figs. 5 
and 6. 
The average strain rates of the whole deformation area 
calculated by the FEM program and given by the upper 
bound method" according to equation (4) are shown in 
Table 3. 
2- 171 + 1-86 In R) tan (38-7 + 6-9 In R) B E= - .6 
VBD (0 
D3 -D3 
(4) 
BE 
Maximum value at die comer 
5 The distribution of the InO in the billet with full size 
(run 1) 
- zu-- P' 
IL 
Maximum value at die comer 
6 The distribution of the In(i) in the small scale billet 
(run 2) 
where VB is the ram speed, DB is the billet diameter, DE IS 
the extrude diameter and R is the extrusion ratio. 
However, in the process of extrusion, the main deforma- 
tion occurred at the area near the die orifice as shown in 
Figs. 5 and 6. The average strain rate of the whole 
Table 3 Average strain rate of extrusion 
of the whole Average strain 
deformation area given by rate in the area 
calculated by equation (4), with InU )>1, 
Run FEM, s-' s- 1 s- 1 
1 6.57 5.6 28.3 
2 15.1 14.4 31.7 
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Centre i)oint 
500 
480 
460 
440 
420 
40D 
380 
360 
340 
........................... 
On the surface 
--&-At the centre 
1.5 2 2.5 3 
Time (s) 
7 The deformation area 
485 
465 
445 
425 
deformation area could not reflect the true condition of the 
process, so the average strain rate of the area with ln(ý) >I 
was calculated and the results are also shown in Table 3. 
It can be seen from Figs 5 and 6, and Table 3 that the 
strain rate, either in the terms of 'average' or 'instant', is 
much higher in the small scale simulation than that 
predicted in run 1. So, it could be said that the small 
scale simulation could not reflect the original deformation 
properly in the terms of stain rate. 
The temperature rise during extrusion was also studied. 
In extrusion, the temperature distribution in the billet is a 
critical process variable, affecting extrusion pressure, speed, 
surface finish and mechanical properties. Extrusion exit 
temperature also determines the surface finish and shape 
dimensions. The temperature rise is actually more signifi- 
cant than most of the other metal forming process. The 
simulation results of the exit temperatures of runs I and 2 
are shown in Figs. 8 and 9 respectively. The side 
temperature and the centre temperature are extracted 
from the side point and the centre point, which are 
shown in Fig. 7. 
The main difference concerning the temperature rise in 
these two runs can be concluded in two points. 
(1) The maximum temperature. In the present study, 
the extrusions were carried to the end of the billet 
length. It should be bome in mind that in real 
situations, extrusion is normally stopped when the 
billet has extruded to about 90% of its length, 
which is marked in Figs. 8 and 9 with a vertical 
line. It can be seen from Figs. 8 and 9 that the 
maximum temperature on the surface of the 
extrudate in run I is 475'C while it is 466'C in 
run 2. The maximum temperature in the centre of 
the extrudate in run I is 432'C while it is 447C in 
run 2 
(ii) The temperature gradient along the transverse 
direction (between the surface and the centre of the 
extrudate). In run 1, the temperature difference 
505 
405 
385 
365 
345 
325 
Reentrant die 
corner \ 
ig On the surface 
6 At the centre 
9 Temperature rise at the small scale billet (run 2, tem- 
perature in OC) 
between the surface and the centre is maintained at 
43'C while it is only 19'C in run 2. This is obviously 
a large difference. 
As can be seen from the discussion above, although the 
geometrical conditions are similar in these two runs, there is 
no siMilar or proportional result concerning the exit 
temperature. The small scale simulation failed to predict 
the correct temperature distribution, especially in the die 
orifice area. It is well known that the exit temperature 
depends on the initial billet temperature, the magnitude of 
the work carried out during extrusion, and how this is 
divided between the work needed to overcome friction and 
the heat losses to the tooling. ' 3 The geometrically similar 
conditions cannot guarantee that the simulation result will 
be correct. 
Because the material structure (subgrain size and 
recrystallised grain size) is closely related to the strain 
rate and the temperature, the small scale simulation will also 
give incorrect predictions. 
SIMULATION RESULTS OF THE STRUCTURAL 
DEVELOPMENT 
First, the models for the structural simulation are 
introduced below. The subgrain size is the most commonly 
used parameter in the study of aluminium extrudate 
structures. The subgrain size can be related to the 
temperature compensated strain rate Z and therefore the 
process condition for alloy AA 2014 by12 
d- 1= 0-096 In Z- 1-747 ....... ý- 
(5) 
During aluminium extrusion, the extrudate often suffers 
recrystallisation. The Johnson - Mehl - Avrarni - Kolmogorov 
equation (JMAK)" predicts the relationship between the 
volume fraction recrystallised (Xv) and the holding time (t) 
and is generally represented as 
X1, exp 0-693 
(t )k 
(6) 
t50 
where t is annealing time, k is the Avrami exponent with a 
commonly reported value of 2, trO is the time to 50% 
recrystallisation. Previous studies'4 have shown that the 
physical models describe the experimental results well for 
uniform processing conditions. More recent studies' 
5,16 
have confirmed that the physical model will give better 
computed results than the empirical model in the simulation 
of aluminium extrusion. In this study, the physical model is 
adopted. 
In equation (7), týo is calculated based on the stored energy 
PD and the density of recrystallisation nuclei , ;VV. 
15 
0246C(I)1 ý1'3 Thie (S) (7) 
JIG B PD NN, 
8 Temperature rise at the full size billet (run 1, tempera- 
ture in OC) 
where C is a calibration constant. -IfGB is the 
boundarv 
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Table 4 The predicted material structures 
Predicted grain size, mm Experimental grain size, mm 
Run Predicted subgrain size, lam Centre Edge Experimental subgrain size, pm Centre Edge 
1 1-75 0-294 0-273 1-43 ± 0-25 0-321+0-04 0-266+0-04 
2 2-26 0-250 0-232 
mobility. Nv is the density of nucleation sites and defined as 
Nv= (C d 162)S v (E) ........... (8) 
where Cd is a further calibration constant, Cd =1 -48 x 10-4. 
6 is the subgrain size, Sv is the grain boundary area per unit 
volume 
Sv(E)=(2/do)[exp(E)+ exp(-E)+ 11 ..... (9) 
do is the grain size after homogenisation. The stored energy 
PD is approximated by 
PD=0-5G 
b C6 2 
+0-05G 
b 
(10) 
where C6 is a constant of typical value of the order 5, G is 
the shear modulus, b is the Burgers vector, do is the initial 
grain size. 
Selecting C6 =5 then the second terms will totally 
dominate as long as 6> 0-4 ýtm. G= 2-05 x 1010 Pa, b= 
2-86 x 10-10 M. 16 In Furu's study, 17 CI(MGBPD)= 
1-2 x 105 when the strain and strain rate are at high 
values. 
For site saturated nucleation, the recrystallised grain size 
d, ex is simply calculated from nucleation density as 
d, 
ex = DNý-'l .............. (11) 
where D is a constant (2-347). 18 
Although this model is still at an early stage, the modest 
prediction of the t_50 and recrystallised grain size can be 
achieved. The calculation results are shown in Table 4. 
As can be seen from Table 4, the simulation with the original 
billet size gave reasonable results while the small 
scale simulation gave relatively deviant results compared 
with the experimental results. The small scale simulation 
proved to give incorrect results in material structural 
simulation. 
Conclusion 
It has been confirmed in this study that a small scale 
simulation is capable of providing limited qualitative 
information of the extrusion process, for example, the 
material flow pattern. 
The small scale simulation fails to accurately predict the 
correct temperature distribution, especially in the die orifice 
area. 
The small scale simulation proved to give incorrect results in material structure (i. e. subgrain sizes and recrystallised 
grain size). 
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Abstract 
The major objective of the present paper is to explore the complicated interactions between die design, forming parameters (i. e. rain speed, 
container temperature, billet temperature and extrusion ratio) and the product qualities (extrudate shape, surface condition and microstructure) 
by the use of finite element modelling (FEM). The various models (such as recrystallisation, damage criteria, etc. ) have been integrated into 
the commercial codes, FORGE2"'ý and FORGE3', through user routines. The physical recrystallisation model proposed by Sellars and Zhu 
[Mater. Sci. Eng. A280 (2000) 1] and Vatne et al. [Acta Mater. 44 (1996) 4463] have been compared. The predicted distributions of the 
volume fraction recrystallised were also compared with the experimental results from the literature. The influences of forming parameters 
on the occurrence of surface cracks were studied by the combination of the Taguchi method with the FEM. It was found that the choked die 
could significantly reduce the possibility of producing surface cracks. Through simulating a shape extrusion process using two different die 
structures, it was found that the use of an expansion chamber can significantly reduce the degree of non-uniformity in terins of the extruded 
product shape and properties. The character of the complex material flow is also Identifiable, which is very useful to help improve die design. 
C 2003 Published by Elsevier B. V. 
Keywords: Alurriinium alloys; Ram speed; Die design; Recrystallisation; Surface damage 
1. Introduction 
For the aluminiurn extrusion industry, the most challeng- 
ing and demanding work is to explore how to reduce or even 
eliminate die correction. If this is negated, the productivity 
and cost would be improved and the product will be more 
competitive with alternative engineering materials. This 
requires close co-operation between die designer, die manu- 
facturer and the extrusion plant. The application of the finite 
element method in the extrusion industry acts as a bridge 
between die designer and plant, and also reduces the extent 
Of dependence on the die manufacturer. A large amount 
of work in the modelling and simulation of aluminium ex- 
trusion processes by the use of FEM has been reported in 
the last few decades. The applications Involve nearly every 
aspect of the extrusion process: predicting load [1], tem- 
perature [2], material flow pattern [3], surface formation 
. Corresponding author. Tel.: +1-905-525-9140x24485; 
fax: +1-905-528-9295. 
E-mail address. - duanxi(aDmcmaster. ca (X. Duan). 
[4], surface cracks [5], microstructure [6,7] and isothernal 
extrusion control [8]. The present paper does not attempt to 
review the previous work. The major objective concentrates 
on emphasising the complicated relationship between die 
design, fon-ning parameter control and the product quality. 
Depending on the billet temperature, aluminium extrusion 
process is classified into cold extrusion (room temperature) 
and high temperature (temperature > 250 Q. The present 
study only concerns the problems occurring in hot extru- 
sion, such as recrystallisation control, prevention of surface 
cracks and control of material flow. 
The present paper is organised in such a structure so that 
the experimental details are first introduced in Section 2. In 
Section 3, the prediction of static recrystallisation (SRX) for 
T-shape extrusion is carried out by employing two metal- 
lurgical models: the model created by Sellars and Zhu [9] 
and the model created by Vatne et al. [ 10]. In Section 4, 
the prediction of surface cracks is based on the Cockroft 
and Latham criterion. The influence of forming parameters 
on the initiation of surface cracks is studied by the combi- 
nation of Taguchi method with FEM. In Section 5, a thin 
0921-5093/$ - see front matter 
C 2003 Published by Elsevier B. IV'. 
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Table I 
Cheýnical composition of alloys (wt. %) 
AIIOYS CU Mn Mg Fe Si Zn Ti Cr Al 
AA2014 4.4 0.78 0.47 0.2 0.78 0.02 0.013 - Balance 
AA2024 4.66 1.35 0.069 0.19 0.08 0.02 0.01 - Balance 
, kA6063 
0.024 0.02 0.45 0.19 0.48 <0.01 0.014 - Balance 
semi-closed section extrusion process is used as an example 
to demonstrate the influence of die structure on the extruded 
product quality. Conclusions are finally given in Section 6. 
2. Experimental 
Three aluminiurn alloys AA2024, AA2014 and AA6063 
are studied in Sections 3-5, respectively. The alloys were 
supplied by Alcan International Lt., Banbury, UK. The 
alloy compositions are given in Table 1. For hot extru- 
sion of AA2024, the experimental data were taken from 
Subramaniyan's experiments [12]. For hot extrusion of 
AA2014, the experimental data were taken from Vierod's 
experiments [11 ]. 
All materials were homogenised in an air-circulating fur- 
nace for 24 h at 5 00 'C followed by furnace cooling to room 
temperature. All billets were subsequently scalped and ex- 
truded from a 75 mm diameter container using flat faced 
dies having a die land length of 5 mm. The billet length is 
95 mm. The ram speed and the billet temperature were var- 
ied in the range of 3-13 mm/s and 300-500 'C, respectively. 
All extrudates were press quenched. The as-extruded sam- 
ples were mounted, polished, and anodised using 5 vol. % 
HBF4 aqueous solutions at 20 V for a minimum of 2 min, 
and the volume fraction recrystallised was established using 
an Oninicon image analyser. 
Both shape extrusion and rod extrusion processes were 
simulated by using the commercial finite element codes 
FORGE38 and FORGE20, respectively. These two pro- 
grams are both implicit and fully thermal-mechanically cou- 
pled and with automatic meshing and remeshing capabilities. 
Material flow is based on Lagrangian descriptions. For hot 
extrusion, strains are large and the elastic deformation may 
be ignored, the most economical constitutive laws are purely 
viscoplastic approximations. More details can be found in 
the literature [ 13,14]. 
3. Prediction of static recrystallisation 
The mixed physical recrystallisation models were in- 
tegrated into the two-dimensional commercial codes: 
FORGE2e to predict the static recrystallisation phenomenon 
iii hot rolling [15] and hot rod extrusion [161. The mixed 
models are due to Sellars and Zhu [9] and Vatne et al. [101 
and Furu et al. [ 171. The reader is referred to the above lit- 
erature for a detailed description of the models. The focus 
67 
of this section is to further refine some individual models 
to make them suitable for the extrusion of complicated 
three-dimensional sections. 
Considering the real situation in which the accuracy of 
the measurement of dislocation density is problematic and is 
coupled with quite large assumptions in the models created 
by Sellars and Zhu [9], several simplifications have been 
made on the calculation of dislocation density in the present 
paper. Sellars and Zhu maintain that the total dislocation 
density is made up of the random dislocation density p, and 
the geometrical necessary dislocation density pg. However, 
there is a slight problem in their model on the calculation of 
pg because they assumed a constant local lattice curvature 
and the value of this curvature is very difficult to determine. 
It was also recognised that pg = p, under the constant strain 
rate condition [9], the calculation of pg was hence neglected 
because the strain rate in extrusion remains almost constant 
after the initial extrusion stage (the peak load phase has been 
passed). 
For the calculation of subgrain size, the following empir- 
ical equation was proposed for AA2024 [12] and is used in 
this simulation: 
d- 1= -0.5778 + 0.0378 In Z, (1) 
where Z is Zener-Hollomon parameter, which is defined by 
Qdef 
Eexp 
( 
RT 
)- 
(2) 
It should be noted that ET in Eq. (2) is a mean strain rate, Qdef 
is the activation energy for deformation, R is the universal 
gas constant and T is the deforination temperature in Kelvin. 
The application of this type of equation into the calculation 
of subgrain size has been reported in the literature [ 18]. The 
reason for not using Sellars and Zhu's model is due to the 
difficulty in the determination of the initial subgrain size and 
it was found that the selection of the initial subgrain size 
has a significant influence on the predicted results [19]. It 
was also found that Eq. (1) can give a good prediction of 
subgrain size in three-dimensional rolling [20]. 
For the calculation of misorientation, the following ap- 
proximate equation can be drawn based on the figures 
present in Nes's work [21]: 
3E- when E<I or 0=3 when > 1, 
where 0 is the misorientation across subgrain boundaries 
and F is the total equivalent plastic strain. All other formulae 
(i. e. calculating the stored energy, the density of nucleation 
sites, etc. ) are kept the same as in [ 15]. 
In this part, a T-shape three-dimensional extrusion process 
was simulated by FORGEY"'. The geometrical dimensions 
are presented in Fig. 1. Taking advantage of the geometrical 
symmetry, only half of the model was simulated and the 
setting of finite element mesh is shown in Fig. 2. To save time 
and ensure a high accuracy in the simulation, four remeslung 
boxes were added. The minimum element size is 0.18 mm 
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Fig. 1. Schematic drawing of the T-shaped die. 
and the maximum element size is 10 mm. More than 3 0,000 
4-node tetrahedron elements were used in the simulation. 
The Tresca friction law was used. The extrusion temperature 
is 340 'C. The constant extrusion speed is 7 mm/s and the 
extrusion ratio is 40: 1. 
The predicted distributions of the fraction recrystallised 
(Xv) and equivalent strain are shown in Fig. 4. Xv was 
calculated by the use of Johnson-Mehl [22]-Avrami 
[23]-Kolmogorov [24] equation. The description of this 
equation can be found in the literature [151. According to 
Subramaniyan's measurements under such extrusion con- 
ditions, the fraction recrystallised after solution treatment 
at 500'C for 30 min is 74.89% and the thickness of re- 
crystallised layer is 1.7mm [121, see Fig. 3. The results 
in Fig. 4a agree well with Subramaniyan's measurement. 
There is a thin recrystallised layer near the extrudate edge 
neighbouring the die and the maximum Xv appears at the 
die comer. it is also interesting to note that the maximum 
equivalent strain also appears at the same location (see 
Fig. 4b). That is not occasional. The reason is attributed to 
the assumption that nucleation sites only appear at grain 
boundaries. The density of nucleation sites is calculated by: 
Nv = 
(Cd 
S,, (E), (4) ý-2 
) 
where Cd is a constant, A is subgrain size and S, is the grain 
boundary area per unit volume 
do exp 
(e) + exp (-, -) +1], (5) 
where do is the initial grain size, which is assumed to 
be 100[Lm. This value is also based on Subramanlyan's 
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Fig. 4. Predicted distribution of the XV (a) and equivalent strain (b) in 
the cross-section using the model proposed by Sellars and Zhu [9]. The 
location of the cross-section is shown in Fig. 2. 
Fig. 2. Finite element model for T-shape extrusion. ExtWusion ratio 
40: 1, 
extrusion temperature 340 C and constant extrusion speed of 7mm/s. 
Fig. I The microstructure after solution treated for 30nun at 500 C [12]. 
The greatest recrystallisation occurs at the die comer. 
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Fig. 5. Predicted distribution of the Pb (a) and Xv (b) in the cross-section using the model proposed by Vatne et al. [10). 
measurements [12]. Since S, (E) is an exponential function 
of strain, the influence of strain change on the Nv is very 
strong. Therefore, we can roughly detennine the possible 
region where maximum recrystallisation would occur just 
from looking at the computed distribution of strain. 
There is another way to predict the static recrystallisation. 
This is by using the model proposed by Vatne et al. [10]. 
The most important feature of this model is the calculation 
of the density of the recrystallisation nuclei for different 
orientations: the particle stimulated nucleation (PSN), nu- 
cleation from cube bands and grain boundary areas (GB). It 
should be noted that this model was proposed for the mod- 
elling of aluminiurn alloys (AA3004 and the commercial 
purity aluminium) during the multi-pass hot rolling process. 
Compared with the hot rolling of aluminiurn alloys, there 
are few cube bands within the billet during the hot extrusion 
of the aluminiurn alloy 2024. Therefore, the contribution 
of the nucleation from cube bands can be ignored in the 
present study. For brevity, the formulae are not introduced. 
The calculated distribution of the stored energy Pb and 
ale Xv within the extrudate section are shown in Fig. 5. 
In a thin layer near the extrudate edges, the predicted re- 
sult changes dramatically from the edge to the centre. The 
predicted values of the stored energy vary from 4x 106 to 
4x 105 j (Fig. 5a). The predicted distribution of Xv agrees 
reasonably well with measurements (Fig. 5b). The maxi- 
mum value of the fraction recrystallised occurs at almost the 
same location as that predicted by the use of the Sellars and 
Zhu model. Compared with the application of the model 
Proposed by Sellars and Zhu, the values of many of the pa- 
rameters in the model proposed by Vatne et al. can easily be 
found in the literature. This makes it much more convenient 
for the programming. However, the prediction by using Sel- 
lars and Zhu model appears more accurate in terms of the 
distribution of the calculated Xv. The unreported values of 
Afo (a constant) and UGB (the activation energy for grain 
69 
boundary migration) in the work by Vatne et al. [10] were 
found to be 200 and 200 U/mol in the presented study. 
Other parameters remain the same as those that Vatne et al. 
adopted. 
4. Prediction of surface cracks 
Clift et al. [25], Ko et al. [26] and Domanti et al. [27] 
have indicated that the Cockcroft and Latham criterion [28] 
is the best amongst the various existing criteria for the 
prediction of fracture initiation for extrusion. 
The normalised forrn of the Cockcroft and Latham crite- 
rion is written as: 
t'f f 01 
:: -- &= CL, (6) 
o or 
where or is equivalent stress, al the maximum principal ten- 
sile stress, E the equivalent strain, F .f the equivalent strain to 
fracture and CL is the critical damage value. 
When using the above criteria, the most important task 
is to ascertain the cntical damage value CL or the critical 
effective plastic strain, E_Pf. For a homogeneous material, this 
critical value can be considered as a material constant. Kim 
et al. reported that the value obtained from compression 
testing and tensile testing is different [29]. The explanation 
can be attributed to the different defori-nation history, differ- 
ent stress state at fracture locations and the fracture mode. 
The differences between surface cracks in hot direct extru- 
sion and cracks occumng in both compression and tensile 
testing makes the deten-nination of the critical damage value 
even more complicated. In compression testing, fracture 
appears on the free surface at much smaller nominal strains 
than those in extrusion (equivalent strain usually greater 
than 3 on the contact surface). Therefore, the effect of fric- 
tion on the fi-acture initiation and propagation is ignored. 
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Fig. 6. Distribution of the stress components in the cross-section when 
Z= -4 mm. The total length of die land is 5 mm. Z=0 corresponds to 
the die upper surface. 
In tensile testing, fracture usually does not initiate at the 
surface as it does in hot extr-usion and compression testing, 
and the stress and strain states at the crack initiation site are 
different. Furthen-nore, fracture initiates at much smaller 
nominal strains than those observed during extrusion. 
In this section, aluminium alloy 2014 was studied. The 
experimental data were taken from Vierod's work [II]. The 
ram speed is 2.9 mm/s and the temperatures of the billet, 
container and die are 475,425 and 375 OC, respectively. 
The billet and die are the same as described in Section 2. 
Axisymmetrical modelling (two-dimensional) was used in 
the simulation. 
The computed distribution of the stress components in 
the extrudate cross-section (Z = -4 mm) are shown in 
Fig. 6, where at is the hoop stress and a,, is the shear stress. 
Obviously, or,, the longitudinal stress, can be assumed to be 
the maximum principal stress, whilst (T,, the radial stress, 
is considered as the minimum principal stress. For uz, it 
is negative (compressive) for r<3.4 mm, which corre- 
sponds approximately to 2/3 of the extrudate cross-section, 
and is tensile at the surface. This suggests that crack will 
never occur at the centre (three-dimensional compressive 
stress state) and would possibly appear at the surface for 
this kind of die design. The longitudinal tensile stress is the 
major factor causing surface cracks. This has never been 
stated in previous workers' expenmental studies since it 
would seem impossible to measure the instantaneous stress 
distribution in the extrudate within the die land area. 
The process of crack evolution can be visualised by the 
use of element deletion techniques. It should be noted the 
term "crack" here is different from its meaning in fracture 
mechanics, which implies a sharp-tip. Since the Cockcroft 
and Latham criterion was proposed for the prediction of 
crack initiation, the process of crack growth cannot be accu- 
rately predicted by the use of this criterion. Also, the surface 
cracks observed in the hot extrusion of AA2014 are usually 
caused by the distribution, size and morphology of the sec- 
ond phase particles. Without considering these metallurgical 
factors, the calculated crack propagation by the use of the 
Cockcroft and Latham criterion can only be represented as 
an approximation. 
Fig. 7. Influence of the ram speed on the occurrence of surface crack. 
Extrusion ratio is 50: 1. The extrusion temperature is 400 C. (1) 6.4 nun/sý 
(11) 7.5mm/s; (III) 6.2mm/s; (TV) 5.9mm/s [30]. 
Deleting element requires the deten-nination of the critical 
damage values CL. To accurately determine this value, the 
calculated shape and depth of crack should correspond well 
with the experimental measurement. To determine this cnti- 
cal fracture value with confidence, a series of analyses were 
conducted. Fig. 7 shows the experimental observation con- 
ducted by Paterson [30] under different extrusion conditions. 
Fig. 8 shows the corresponding CL value in the cross-section 
that is 0.5 mm down to the die exit (Z = -0.5 mm). From 
Fig. 7, it can be seen that no surface crack can be observed. 
But there are obvious surface cracks when V=7.5 mm/s. 
According to this information, it can be ascertained that 
the critical CL value should be greater than the computed 
maximum CL value which is produced by V= 6A mm/s. 
In other words, the critical value should be greater than 
0.25, see Fig. 8. Fig. 9 shows the evolution of surface 
cracks. Clearly, the predicted shape is comparable with the 
measurement presented in Fig. 10. It should be emphasised 
again that results in Fig. 9 can only be treated as a quali- 
tative prediction. The influences of the forming parameters 
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Fig. 9. Evolution of surface crack. Only the meshes near the surface are presented. 
Fig. 10. The observed surface crack by Vierod [II] and Paterson [3 0] for AA2014. 
and the die configuration were studied by combining the 
Taguchi method [31] with the finite element method. This 
methodology has been illustrated in several papers [32,331. 
The detailed procedures are not repeated here. 
Four kinds of die configurations were studied. The die 
cOnfigurations are shown in Fig. 11. The friction condition 
(ffiction factor of 0.6) is assumed to be the same for all 
05 
(d) 
Fig. 11. Schema6c drawing of the various die configurations: (a) flat-faced; 
(b) choked; (c) strearn line; (d) prechambered. 
die surfaces and all dies have the same length of 5 mm. 
The angle 0 in Fig. IIb and c is 10 -. The predicted dis- 
tribution of the calculated Cockcroft and Latham fracture 
values in the cross-section are shown in Fig. 12. Surpris- 
ingly, the stream line die (Fig. 12c) produces the greatest 
fracture value. This means that using this die shape tends 
to generate the surface cracks. This conclusion does not 
agree with other researcher's work [27]. However, it can 
be interpreted from the following two aspects that: (1) at 
the beginning of extrusion, the material which forms the 
extrudate surface has experienced a longer contact length 
with the stream line die than with other die configurations. 
Thus, the accumulation of strain is the greatest among the 
various die configurations; and (2) in practice, lubrication 
is always applied on the surface of the stream line die. So 
there would be less possibility of the occurrence of surface 
cracks. However, in practice it is not possible to preserve a 
lubricated film throughout the extrusion process. 
(a) Extrusion Ratio of 30: 1 (b) Extrusion Ratio ol'20: 1 
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Fig. 12. Distribution of Cockcroft and Latham fracture value in the 
cross-section within the die land (lmm higher than the die land 
end). 
The most interesting finding in Fig. 10 is that using the 
choked die has the least possibility of producing surface 
cracks. The previous work also found that the choked die 
produces a propensity to prevent recrystallisation. Recrys- 
tallisation is very undesirable for the products used in the 
aerospace industry. Hence, the choked die can be recom- 
mended to replace the flat-faced die. The key parameters of 
the design of the choked die are the angle 0 and the depth 
of the choke. Jarrett and Parson gave some clues in their 
patent [34]. Further work clearly needs to be performed to 
clarify this point bearing in mind that most dies in use for 
the production of hard alloys are presently produced with a 
small choke. 
Four forming parameters were selected to study their 
influences on the formation of surface cracks. These pa- 
rameters include: extrusion ratio, the temperature difference 
between the tool and the billet (A T), the extrusion speed 
and the billet temperature. Each parameter has three val- 
ues, also called three levels. These values are shown in 
Table 2. The designed orthogonal table L9(3 4) was used. 
L9(3 4) indicates that there are four parameters, each pa- 
rameter has three levels and a total of nine test runs need to 
be conducted. The computed contribution of each forming 
parameter to the fracture value is shown in Table 3. 
It can be seen that the extrusion ratio is the dominating 
variable in the control of surface cracks, followed by the 
ram speed, the billet temperature, and the billet/tool temper- 
ature difference. The average effect of each parameter level 
on the fracture value was also calculated. The results show 
Table 2 
Test parameters and their levels 
Level Extrusion AT (K) Extrusion speed Billet 
rati o (mm/s) temperature 
(K) 
1 10 -50 3 
573 
2 30 0 6 633 
3 50 50 9 693 
Table 3 
Analysis of variance of surface crack 
Surface crack (0/o) 
Extrusion ratio 45 
AT 8.65 
Extrusion speed 23.2 
Billet temperature 23.15 
that the fracture value decreases with increasing extrusion 
ratio, and with decreasing the temperature difference be- 
tween the billet and tools, the extrusion speed and the billet 
temperature. 
5. Die design 
The importance of die design on the control of product 
quality has been discussed in many literature [35]. The ma- 
jor objective of this section is to illustrate how the FEM can 
be used to improve the die design. A thin wide semi-closed 
section was selected as an example to emphasise the im- 
portance of using an expansion chamber and to characterise 
the complex material flow within the die chamber. Due to 
commercial sensitivity, both the geometrical dimensions and 
the extrusion conditions can not be listed. The material is 
AA6063. 
The die set-ups are shown in Fig. 13. Only a half model 
is shown by taking advantage of the geometrical symmetry. 
All tools were assumed to be rigid in the simulation. 
The simulated material flow patterns within and outside 
of the expansion chamber are shown in Fig. 14a-d in the 
sequence of the extrusion process. Fig. 14a shows that part 
of the material proceeding to the bottom surface of the ex- 
pansion chamber. The outline of the extrudate appears near 
the symmetry plane where the material flow is faster than 
elsewhere. At this stage, there is little material flowing lat- 
erally to fill the chamber. Fig. 14b indicates that materials 
start to fill the chamber. At the same time, some material 
traverses through the die mouth to form the final shape. 
In Fig. 14c, only a small volume has not been fully filled. 
The expansion chamber has been completely filled and the 
height of the shape is nearly uniforrn in Fig. 14d. It should 
be pointed out that the same die land length is used for 
different parts of the die. It is generally accepted that the 
length of the die land plays an important role in the control 
of material flow. Any slight changes in the length of die 
land would produce an obvious difference in the extruded 
product shape. To simulate such an important aspect %vould 
require a very small time step and very fine element size 
(less than 0.1 mm) to simulate the resultant effects of friction 
at the tool/billet surface. Considering the regular require- 
ments of remeshing to o%'ercome the mesh distortion and to 
ensure the computation continuation, a significant amount 
of computing resource -ýN, ould be required e\en a simple 
shape extrusion process (like T shape). Although the com- 
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Fig. 13. Die set-up (a) with expansion chamber; (b) without expansion chamber. 
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Fig. 14. Materials flow within and outside of the expansion chamber. 
puting hardware and software have made great progresses 
in the last decades, the present authors still believe that it is 
not the time to study this subject by the use of Lagrangian 
based formulation unless a mainframe is adopted. The use 
of Eulerian based FEM formulation may solve this problem. 
However, the whole process of material flow cannot be visu- 
allsed because the Eulerian FEM is based on a steady state 
assumption. 
Fig. 15 shows the predicted product shape when the 
die without an expansion chamber was used. Unlike the 
previous case, the whole section of the shape appears 
at the same time. However, the height of the extrudate 
I-. 
I'. 
r.. C 
(0 I- 
(a) 
Fig. 15. Material flow without the use of expansion chamber. 
73 
is not unifon-n. The material near the die gravity centre 
flows faster than elsewhere, producing the longest height 
at this location. The non-uniform material flow is undesir- 
able because internal tensile stress would be generated to 
b, 
(b) 
Fig. 16. Comparison of the predicted subgrain size between the use of expansion chamber 
(a) and without expansion chamber (b). 
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balance different parts of the extrudate. The existence of 
tensile stress tends to reduce the ductility and may cause 
microcracks within the deformed material. The calculated 
distribution of subgrain size by the method introduced 
in Section 3 for the use of two die structures are shown 
in Fig. 16. Using the die with chamber produces a more 
uniform distribution of subgrain in the extruded product 
than that without a chamber. From this observation it can 
be concluded that the use of a die with an expansion 
chamber is superior to the die without an expansion cham- 
ber when extruding a complex product with a very thin 
section. 
reduce the degree of non-uniformity in terms of shape 
and the properties. 
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6. Conclusions 
Finite element method has been successfully applied to 
study the various aspects of the aluminium extrusion pro- 
cess. The following conclusions can be drawn based on the 
aforementioned analyses: 
(1) Both the model proposed by Sellar and Zhu and the 
model created by Nes and co-workers are available 
for the prediction of static recrystallisation. It is eas- 
ier to perform the model created by Nes et al. in the 
numerical analysis. This is attributed to the fact that 
the values of the parameters in their model can eas- 
ily be found in the literature and there are no such 
problems as non-convergence caused by the inappro- 
priate input of some parameter values. But the model 
proposed by Sellars and Zhu presents more accurate 
prediction. 
(2) The maximum fraction recrystallised occurs at the die 
comers and the width of this recrystallised layer from 
the extrudate edge is non-uniform. The predicted re- 
sults fit reasonably well with the experimental measure- 
ment. 
(3) Among the forming parameters investigated (such as 
extrusion ratio, the temperature difference between the 
tool and the billet, the ram velocity and the billet tem- 
perature), extrusion ratio has the strongest influence on 
the initiation of surface cracks. The greater the extru- 
sion ratio, the less possibility of the occurrence of sur- 
face cracks. The possibility of the occurrence of surface 
cracks increases with increasing billet temperature, the 
ram speed and the temperature difference between the 
tool and the billet. 
(4) Using a choked die can significantly reduce the possi- 
bility of surface cracks. If no lubrication is added, the 
streamline die results in the great possibility of produc- 
ing surface cracks in the early stage of the extrusion pro- 
cess because the contact length is the maximum among 
the various die configurations investigated in the present 
paper. 
(5) Based on the study of extruding a thin-walled product, 
it was found that the use of an expansion chamber can 
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